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Abstract 
This thesis proposes a workflow of integrating structural restoration and basin and 
petroleum systems modeling. It describes advantages and limitations, and its practical application 
in structurally complex geological environments dominated by tectonic compression and salt 
tectonics. 
The first part of the thesis (chapter 1) presents a study of the Monagas Fold and Thrust Belt 
onshore northern Venezuela and its deformed foreland basin. The chapter presents for the first 
time a two-dimensional structural restoration in combination with full PVT three-phase 
hydrocarbon migration modeling in the study area. The model contributes to the further 
understanding of the evolution of petroleum systems in fold and thrust belts in general and 
increases the knowledge of the study area in particular, as it explains the hydrocarbon charge of 
the main known fields and the relative absence of charge in other areas. In a more theoretical part, 
the study challenges the simple backstripping approach by applying the structural restoration 
technique for improved petroleum systems modeling. Particular attention is paid to the 
decompaction and compaction limitations and its implications for the modeling results.  
The second part of the thesis (chapters 2 and 3) addresses the offshore Essaouira salt basin 
and the outer Atlantic margin of Morocco. Chapter 2 focuses on the geodynamic and structural 
development of the study area. The work reveals for the first time the diachronic nature of 
geodynamic events related to the bypass of the Canary Island hotspot and the Atlas orogeny, and 
their influence on the folding of the deep-water margin and the salt tectonics. The chapter further 
proposes a conceptual model for the salt tectonic evolution through geologic time, explaining the 
regional variations as observed across the margin at present day. A salt restoration workflow, 
involving decoupled subsalt and salt-overburden restoration with salt-area balancing, and salt 
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withdrawal and extrusion processes, was developed to improve the temporal resolution of salt 
tectonics and associated regional deformation. Chapter 3 applies for the first time structural 
restoration combined with petroleum systems modeling to the Moroccan Atlantic margin. The 
regional basin model, which reaches out to the western edge of the Moroccan Atlantic margin, 
contributes to the understanding of the thermal maturity of different potential source rock levels 
in this frontier exploration province. The integration of the structural restoration with petroleum 
systems modeling allowed to model hydrocarbon migration in the context of mobile salt, leaving 
behind an amalgamated basin stratigraphy after salt withdrawal and extrusion. Finally, the models 
have been used together with the regional observations and north-south variations to evaluate the 
prospectivity of speculative oil and gas plays and their likely changes along the yet little explored 
margin. 
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Zusammenfassung 
Die vorliegende Dissertation behandelt den Arbeitsfluss von integrierter Retrodeformation 
(structural restoration) und Becken- und Kohlenwasserstoffsystem-Modellierung (basin and 
petroleum systems modeling). Vor- und Nachteile sowie praktische Anwendungsbeispiele in 
Gebieten mit Kohlenwasserstoffpotenzial und mit strukturell komplexer Geologie mit 
kompressiver Tektonik und Salztektonik werden beschreiben. 
  Der erste Teil der Dissertation (Kapitel 1) beinhaltet eine Studie des Monagas Falten- und 
Überschiebungsgürtels und seines deformierten Vorlandbeckens. Es ist die erste Veröffentlichung 
einer zweidimensionalen Retrodeformation in diesem Gebiet, die mit einer Drei-Phasen-
Modellierung der Druck-Volumen-Temperatur Kohlenwasserstoff-Migration verbunden ist. Die 
Ergebnisse der Modellierung steuern zum erweiterten Verständnis der geologischen Entwicklung 
von Kohlenwasserstoffsystemen in Falten- und Überschiebungsgürteln im Allgemeinen bei. 
Desweiteren erklärt das Modell die Füllung der grössten bekannten Ölfelder des Studiengebietes 
sowie die Abwesenheit von Kohlenwasserstoffen in erdölarmen Teilen. In einem mehr 
theoretischen Teil der Studie wird die Anwendung von Retrodeformation mit einer vereinfachten 
Methode ('backstripping') im Rahmen der Modellierung des Becken- und 
Kohlenwasserstoffsystems verglichen. Insbesondere werden die Einschränkungen bezüglich der 
Dekompaktion und Kompaktion und ihr Einfluss auf die Ergebnisse der Modellierung diskutiert.  
 Der zweite Teil der Dissertation (Kapitel 2 und 3) behandelt das Salzbecken offshore 
Essaouira und den äusseren Atlantischen Kontinentalrand von Marokko. Der Schwerpunkt von 
Kapitel 2 ist die geodynamische und strukturelle Entwicklung des Studiengebietes.  Neu ist die 
Beschreibung der diachronen Natur geodynamischer Vorgänge um den Hotspot der Kanarischen 
Inseln und der Orogenese des Atlas-Gebirges sowie deren Einfluss auf die Faltung des 
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Tiefseegebiets und die Salztektonik.  Ausserdem wird ein konzeptuelles Modell für die Evolution 
der Salztektonik über die geologische Zeit vorgeschlagen, welches die heutigen regionalen 
Variationen entlang des Kontinentalrandes erklärt. Ein Retrodeformationsworkflow, welcher die 
entkoppelte Retrodeformation überhalb und unterhalb des Salzes sowie die Flächenbilanzierung 
innerhalb des Salzes sowie Prozesse wie Salzentzug und –extrusion beinhaltet, wurde entworfen. 
Kapitel 3 ist die erste Veröffentlichung einer Retrodeformation sowie eines Becken- und 
Kohlenwasserstoffsystem-Modellierung des Atlantischen Kontinentalrands von Marokko. Das 
regionale Modell, welches bis in den äusseren westlichen Kontinentalrand des marrokkanischen 
Atlantiks reicht,  trägt zum Verständnis der thermischen Reife verschiedener potentieller 
Muttergesteine in dieser relativ unerforschten Provinz bei. Die Integration von Struktur-
Restaurierung mit Becken- und Kohlenwasserstoffsystem-Modellierung ermöglichte das 
Modellieren der Kohlenwasserstoffmigration im geologisch dynamischen Kontext von 
beweglichem Salz, Salzentzug und -extrusion sowie dem dadurch beeinflussten 
Sedimentationsgeschehen. Gemeinsam mit den regionalen Nord-Süd-Variationen wurden die 
vorgestellten Modelle benutzt, um die Prospektivität von Öl- und Gasvorkommen entlang des noch 
relativ unerforschten Atlantischen Kontinentalrand von Marokko abzuschätzen. 
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Introduction 
In the 21st century, successful exploration for oil and gas to continuously increase resources 
and reserves in a time of growing worldwide demand for energy implies going beyond current 
frontiers. These frontiers are manifold. Companies are directing themselves towards 
“unconventional” resources, either exploring unconventional reservoir types (e.g., shale 
reservoirs) or unconventional trapping mechanisms (e.g., gas hydrates), but also move into 
challenging environments such as structurally complex areas, deep-water basins or the Arctic. 
Whereas the latter two categories do not necessarily comprise any particular issues in the 
understanding of the petroleum systems or the underlying geology, with the main challenges more 
on the operational side, structurally complex areas are often associated with major issues of 
geological nature.  
Structurally complex areas can be broadly grouped into the following categories: Major 
historical petroleum provinces in areas of compressional tectonics include onshore fold and thrust 
belts, and the associated foothills and foreland basins resulting from the convergence of tectonic 
plates (e.g., Venezuela, the Zagros Mountains, the Syrian Arc). Current exploration also targets 
deep-water accretionary wedges of subduction trenches with current major tectonic activity (e.g., 
offshore Brunei). Distal parts of passive margins can also locally show gravity-driven compressive 
features such as toe thrusts, even in the absence of far field (deeper crustal) compressional stress 
(e.g., Niger Delta). Exploration challenges in compressional areas are often, but not exclusively, 
related to seismic quality (onshore, sub-thrust) and the modeling of the compressional structures 
(folds and thrust faults) and the internal deformation of sub-seismic scale. 
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Both compressional and extensional structures can be found nearby in transpressional or 
transtensional tectonic context.  The most ancient example of a successful oil and gas exploration 
at a strike-slip plate boundary context is most likely onshore California (e.g., San Joachim Basin). 
Recent discoveries have been made in the deep-water Atlantic transform margins (e.g., Jubilee 
discovery), and advanced paleo-plate reconstruction methods help to find analogue prospects. 
However, field appraisal appears to be challenging because of the lack of regional analogue data 
and yet limited knowledge of the geological controls in strike-slip tectonic environments.  
The salt basins of the Central Atlantic margins (Brazil, Angola) and in the Gulf of Mexico 
are known as major historical oil and gas provinces. Exploration in these areas has driven salt-
tectonic concepts over many years. However, many frontier exploration areas involving salt 
structures are still not unlocked yet. In addition to the traditional issues with exploration in salt 
provinces (e.g., seismic velocities, salt structure and trap definition, operational issues), the 
structural evolution turns out be crucial to identify regional trends and for the prediction of 
reservoir (e.g., the Moroccan Atlantic margin). 
Purely extensional areas can also, at least locally, comprise complex fault structures (e.g., 
North Sea rift basins). In many cases, a combination of structural styles is present, such as for 
example in the northern part of the Eastern Mediterranean Sea (Cyprus Arc), where the 
mobilization of massive Messinian salt in an overall transpressional context of the collision of the 
Arabian and Anatolian plates resulted in the development of compressional as well as extensional 
structures. 
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On structurally complex outcrops, geologic layers are often steep, or even overturned, and 
disrupted by numerous faults, with frequent and unpredictable variations in dip. Tectonic 
deformation ranges in scale from mm (e.g., fractures and joints) to many km (e.g. regional thrust 
systems). The same type of deformation obviously exists in the subsurface, but particularly 
smaller-scale tectonic features can hardly be observed. True high resolution data can only be 
gathered from modern wells (e.g., by wellbore images). Away from wells, conventional medium-
resolution 2D and 3D seismic-reflection data is used to constrain the subsurface geometry. Apart 
from the general issues with the seismic-reflection method to derive subsurface geometries (e.g., 
seismic velocities), seismic interpretation of sub-salt and sub-thrust stratigraphy often remains 
difficult due to imaging challenges. Therefore, digital subsurface structural models, in particular 
in structural complex areas, can - in the best case - only approximate the true geological subsurface 
complexity. Structural models are used in a variety of domains in the oil and gas exploration and 
production industry, e.g., for resource and reserve estimation, to plan wells, or for reservoir 
development and production modeling.  
Even more uncertain than the static structural model are „dynamic“ structural models, 
which model tectonic development through geologic time. However, understanding the structural 
evolution of a sedimentary basin, or even a single reservoir, is crucial in many aspects. 
Topographic and bathymetric changes, e.g., due to active faults or rising salt diapirs, often 
influence the stratigraphy and the deposition of potential reservoir rocks, as well as source and seal 
units. Subsurface stresses and pressures as well as temperature react sensitively to tectonic activity 
and can have a direct impact on the quality of reservoir rocks (e.g., by compaction or diagenesis) 
or seal rocks (e.g., by seal breaching). Finally, the structural evolution also controls the dynamic 
petroleum systems processes such as trap formation and source rock maturation, hydrocarbon 
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generation, expulsion, migration, accumulation and preservation, and ultimately the location of oil 
and gas fields at present day. It is therefore common that geoscientists who explore for oil and gas 
tempt to capture the structural history of sedimentary basins in dynamic tectonic models. 
The dynamic modeling of the structural evolution of a sedimentary basin can be subdivided 
into two steps: backward modeling and forward modeling. In the backward modeling step, the 
geoscientists use the present-day deformed subsurface geometry to derive less deformed 
geometries corresponding to past geologic times, and ultimately estimate the undeformed (initial) 
geometry. Backward modeling can be performed using structural restoration or backstripping, 
which is a simplified structural restoration. In the subsequent forward modeling step, starting with 
the initial conditions as obtained by the backward modeling, the evolution of the sedimentary basin 
is modeled in geological order from the past (Millions of years ago) until the present day.  
This thesis focuses on the presentation of a workflow of integrating structural restoration 
(backward modeling) and petroleum systems (forward) modeling, its advantages and limitations, 
and its practical application in structurally complex geological environments dominated by 
tectonic compression and salt tectonics.   
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Chapter 1 of this thesis describes the current workflow of integrated structural restoration 
and petroleum systems modeling in an environment of compressional tectonics. It focuses on the 
different ways of backward modeling (structural restoration and simple backstripping) and its 
consequences for the subsequent forward modeling. A complex geological cross section of the 
Monagas Fold and Thrust Belt (onshore Venezuela) was used to showcase a 2D structural 
restoration integrated with petroleum systems modeling. A specific section of the chapter is 
dedicated to the limitations of this workflow, its uncertainty and the quantification of its 
implications on the results. The Venezuela study resulted in a publication in the AAPG Bulletin 
(Neumaier et al. 2014), and further research results were presented on several international 
conferences: 
 
Publication 
Neumaier, M., Littke, R., Hantschel, T., Maerten, L., Joonnekindt, J.-P., Kukla, P. A. (2014): 
Integrated Structural and Charge Modeling in Compressional Areas - Application in the Monagas 
Fold and Thrust Belt (Venezuela), AAPG Bulletin, v. 98, no. 7 (July 2014), pp. 1325-1350. 
 
Conference contributions 
Neumaier, M., Maerten, L., Hantschel, T., Joonnekindt, J. P., Littke, R.: "Integrated Structural 
and Charge Modeling in Compressional Areas - Application in the Monagas Fold and Thrust Belt 
(Venezuela) and Decompaction Uncertainty" AAPG Hedberg Conference on "Petroleum Systems: 
Modeling the Past, Planning the Future" (Nice, France, 2012). 
 
Neumaier, M., Maerten, L., Hantschel, T., Joonnekindt. J.-P.: "Charge and Seal Assessment in a 
Structurally Complex Area in Venezuela", SIS Global Forum (Monte Carlo, Monaco, 2012) . 
 
Neumaier, M., Maerten, L., Hantschel, T., Kauerauf, A., Fuchs, T., Rohde, M. and Maerten, F. 
(2011): "Investigating Structurally Complex Areas by Combining Structural Restoration and 
Petroleum Systems Modeling", Schlumberger Reservoir Characterization Symposium Final 
(Montpellier, France, 2011). 
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Chapters 2 and 3 of this thesis present research on the Atlantic margin of Morocco, which 
has undergone in the geological past considerable salt tectonics and compression. Due to the 
underexplored nature of the study area and the resulting need in “background” research prior to 
proposing a structural restoration scenario for the margin, this study consists of two parts. Chapter 
2 describes the regional geodynamic and structural evolution of the Atlantic margin of Morocco, 
with a focus on salt tectonics and the folding of deep-water anticlines in the particular context of 
the moving Canary Islands hotspot and the Atlassic compression. Chapter 3 focuses on tectonic 
and petroleum systems modeling on the Atlantic margin of Morocco. A regional 2D model from 
the coastal area of Essaouira towards the oceanic crust describes the thermal evolution of the 
continental margin through geologic time. In a second model of the salt basin, structural restoration 
reflecting the rise and extrusion of salt was applied for subsequent petroleum systems modeling. 
After uncertainty analysis, the results of the models are used for general exploration 
recommendations. The Morocco study resulted in an accepted publication in the journal Basin 
Research, a paper in review in the AAPG Bulletin, and several international conference 
presentations:  
 
Publication 
Neumaier, M., Littke, R., Back, S., Kukla, P. A., Schnabel, M., Reichert, C. (2015): Late Cretaceous 
to Cenozoic geodynamic evolution of the Atlantic margin offshore Essaouira (Morocco), Basin 
Research - accepted January 19th 2015. 
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Conference contributions 
Neumaier, M., Sachse, V., Littke, R., Back, S., Kukla, P., Kleine, A., Schnabel, M., and Reichert, 
C.   (2015): Salt Province and Outer Margin Related Petroleum Systems Modeling, Offshore 
Essaouira, Atlantic Margin Of Morocco - 14th HGS/PESGB Conference on African E&P London 
 
Neumaier, M., Littke, R., Back, S., Kukla, P., Kleine, A., Schnabel, M., and Reichert, C. (2015): 
Petroleum systems modeling of the salt province and outer margin offshore Essaouira (Atlantic 
margin of Morocco) - AAPG Lisbon 
 
Neumaier, M., Littke, R., Back, S., Kukla, P. A., Kleine, A., Schnabel, M., and Reichert, C. (2014): 
Geodynamic and Petroleum Systems Modeling of the Salt Province and Outer Margin Offshore 
Essaouira (Atlantic Margin of Morocco) - EAGE (Dubai,UEA). 
 
Neumaier, M., Littke, R., Back, S., Kukla, P. A., Kleine, A., Schnabel, M., and Reichert, C. (2014): 
Petroleum Systems Modeling of the Salt Province and Outer Margin Offshore Essaouira (Atlantic 
Margin of Morocco) - AAPG ICE (Istanbul, Turkey). 
 
Neumaier, M., Littke, R., Back, S., Kukla, P. A., Kleine, A., Schnabel, M., and Reichert, C. (2014): 
New Insights in the Geodynamic Evolution of the Atlantic Margin Offshore Essaouira (Morocco) 
- AAPG ICE (Istanbul, Turkey). 
 
Neumaier, M., Littke, R., Kleine, A., Schnabel, M., and Reichert, C. (2013): Structural and thermal 
development of the Atlantic margin offshore Essaouira (Morocco) – ILP (Marseille, France). 
 
Neumaier, M., Littke, R.,Kleine, A., Schnabel, M., Reichert, C.: "Structural and thermal 
development of the Atlantic margin offshore Essaouira (Morocco) - evidence of salt extrusion and 
implications for hydrocarbon exploration" EGU General Assembly 2013 (Vienna, Austria). 
 
 
Chapter 4 concludes with a general discussion about the geology and prospectivity of the 
study areas and an outlook about future challenges in structurally complex areas and the workflows 
which might address them.  
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Chapter 1 - Integrated Charge and Seal Assessment in the Monagas Fold and 
Thrust Belt of Venezuela. 
 
Abstract 
Conventional basin and petroleum system modeling uses the vertical backstripping 
approach to describe the structural evolution of a basin. In structurally complex regions this is not 
sufficient. If lateral rock movement and faulting are inputs, the basin and petroleum system 
modeling should be performed using structurally restored models. This requires a specific 
methodology to simulate rock stress, pore pressure, and compaction, followed by the modeling of 
the thermal history and the petroleum systems. 
We demonstrate the strength of this approach in a case study from the Monagas Fold and 
Thrust Belt (Eastern Venezuela Basin). The different petroleum systems have been evaluated 
through geologic time within a pressure and temperature framework. Particular emphasis has been 
given to investigating structural dependencies of the petroleum systems such as the relationship 
between thrusting and hydrocarbon generation, dynamic structure-related migration pathways, and 
the general impact of deformation. We also focus on seal integrity through geologic time by using 
two independent methods: forward rock stress simulation and fault activity analysis. 
We describe the uncertainty that is introduced by replacing backstripped paleogeometry 
with structural restoration, and discuss decompaction “adequacy”. We have built two end-member 
scenarios using structural restoration, one assuming hydrostatic decompaction and one neglecting 
it. We have quantified the impact through geologic time of both scenarios by analyzing important 
parameters such as rock matrix mass balance, source rock burial depth, temperature, and 
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transformation ratio. For the presented case study, structural restoration incorporating hydrostatic 
decompaction appears to be more appropriate. 
 
Introduction 
Basin and petroleum system modeling (BPSM) is essential to petroleum exploration 
because it provides quantitative estimates of the hydrocarbon charge history (hydrocarbon 
generation, migration, accumulation, and respective timing) and enables hydrocarbon volume and 
property predictions (Hantschel and Kauerauf, 2009). BPSM is also commonly used for pore 
pressure prediction as an alternative to seismic velocity–derived pore pressure prediction, 
especially where the seismic data quality is poor; e.g., in subsalt and subthrust settings. Standard 
BPSM is, however, limited for complex basin geometries, especially in areas with thrusting and 
salt movement. In these areas, structural restoration, which accounts for lateral rock movement 
caused by faulting and folding, should be applied to describe the geometrical evolution of a basin. 
Recently, structural restoration methods incorporate geomechanics during the restoration process 
while keeping a record of the evolving strain and stress distributions (Maerten and Maerten, 2006). 
The structurally restored paleogeometries (structural geometry of the basin at a given geologic 
time) can then be used in BPSM, replacing the conventional backstripping method. The integration 
of structural restoration into BPSM provides a better understanding of the petroleum system’s 
evolution through geologic time in complex tectonic settings. This workflow has been successfully 
applied to several case studies with both 2D and 3D models (e.g., Baur et al., 2009). 
The traditional stress-strain model has also undergone recent improvements. To more 
accurately predict a compaction-related decrease in porosity, lateral compressional boundary 
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conditions can be applied, resulting in higher horizontal stresses and pore pressures (Hantschel et 
al., 2012). This advanced method replaces the simple approach using vertical lithostatic pressure 
(Terzaghi, 1923), which is simply equal to overburden load. The evolution of geomechanical 
properties calculated by a combined approach of structural restoratio and BPSM analysis can assist 
in predicting fracturing and/or seal integrity through geologic time. 
In this article, we describe the theoretical background of the concept as well as its 
applicability and limitations. Dynel software for structural restoration and PetroMod (Mark of 
Schlumberger) software for petroleum system modeling were applied in a combined 2D basin and 
petroleum systems analysis workflow of the western Monagas Fold and Thrust Belt (Venezuela). 
This workflow enabled us to describe the compaction, pressure and temperature history, and 
evolution of the different petroleum systems through geologic time. Structural controls on the 
petroleum systems, such as the effects of thrusting on pressure and hydrocarbon generation, 
dynamic structure-related migration pathways, and the general impact of deformation are 
described. Additionally, we evaluated seal integrity by analyzing simulated stresses through 
geologic time.  
 
Geologic setting 
The Eastern Venezuela Basin (Fig. 1.1a) is bounded by the Serrania del Interior and the El 
Pilar fault to the north, by a dextral strike-slip fault system at the interface of the Caribbean and 
South American tectonic plates, and by the Orinoco River and the Precambrian Guyana Shield to 
the south (Hedberg, 1950; Pindell and Tabbutt, 1995; Passalacqua et al., 1995). The northern 
portion of the basin, the Monagas Fold and Thrust Belt, overrides a less deformed foreland part of 
the basin to the south.  
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  The basin initially formed as a passive margin on the South American Shield following 
late Jurassic to early Cretaceous rifting. During the transcollision of the Caribbean plate with the 
South American plate in the late Cenozoic, subsidence became flexural, and extensive folding and 
thrusting occurred in the northern part of the basin (Fig. 1.1b). Roure et al. (2003) described both 
the geodynamic history and the stratigraphy (Fig. 1.1c). Cenozoic platformal and basinal facies of 
the passive margin overlie the Mesozoic sediments, which include the prerift and synrift 
sequences. The most recent sediments belong to the synorogenic north-sourced depositional 
sequence. The principal source rocks in the area are within the Querecual and San Antonio 
Formations of the Guayuta Group (Talukdar et al., 1988; Gallango et al., 1992; Alberdi and 
Lafargue, 1993). These mudstones are characterized by Type II kerogen with 2 to 6 wt% total 
organic carbon (TOC) for partly highly mature samples. Hydrogen index (HI) values are as high 
as 500 mgHC/gTOC. Summa et al. (2003) suggested an initial TOC as high as 12% for present 
day values of up to 8%, with an HI as high as 700 mgHC/gTOC. Minor source rocks exist in the 
Carapita Formation, particularly in the basal part, with mixed Type III/II kerogen; Summa et al. 
(2003) estimated TOC up to 4.5% and an HI of 350 mgHC/gTOC. Summa et al. (2003) also 
discussed the presence of Jurassic and Albian source rocks in the Serrania del Interior. 
Surface oil seeps and asphalt lakes are very common in this area, and hydrocarbons have 
been found since the early 20th century (Young, 1978; Carnevali, 1988; Krause and James, 1989; 
Aymard et al., 1990; James, 1990, 2000a, 2000b; Erlich and Barrett, 1992, Prieto and Valdes, 
1992). In the south, heavy oil and tar sands (Oronico Oil Belt, see Fig. 1.1a) and conventional oil 
accumulations are abundant. In the thrust area, the Furrial Trend contains some of the world’s 
largest oil reserves for basins with this type of tectonics. Many shallow oil fields in the Eastern 
Venezuela Basin are located in Neogene sandstone reservoir rocks (Las Piedras, La Pica, 
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Morichito, Chapapotal, Freites, and Oficina). Other reservoir formations are the synorogenic 
Miocene Naricual Formation and the Oligocene Merecure Formation, which are part of a proximal 
passive margin sequence that shales out toward the north. The latter is the main reservoir in the 
 
 
Figure 1.1: (a) Map of the Eastern Venezuela Basin showing structural elements and hydrocarbon 
occurrence (after Parnaud et al., 1995). Solid line shows location of 2D line modeled in this study. 
(b) Generalized north-south geodynamic cross section of the study area (after Chevalier, 1987). 
(c) Synthetic stratigraphy of the southern foreland basin of the Eastern Venezuela Basin (after 
Roure et al., 2003). 
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thrusted Furrial Trend. In the deeper passive margin sequence, there are potential reservoirs in the 
Mesozoic (e.g., San Juan Formation). Because of its shaly lithology, large thickness, and lateral 
continuity, the synorogenic Carapita Formation is probably the most effective seal. However, 
several other formations have good sealing capacities, even though not well compacted, as 
numerous fields at shallow depths prove. 
First publications on the thermal history of the Eastern Venezuela Basin were based on 1D 
models. Because of the complexities leading to multiple sequences caused by overthrusting, 
modeling was done either in the unthrusted area or, if within the thrusted area, only for geologic 
time intervals preceding thrusting (Talukdar et al., 1988). Summa et al. (2003) published multiple 
1D models over a large area and extrapolated the results onto regional maturity maps for the 
Guayuta Group and Cenozoic source rocks. These maps include a hangingwall cut-off and 
therefore do not represent the higher maturities found in the thrust wedges. Elsewhere, the authors 
suggested that most source rocks are in the oil window at present day. A present day drainage area 
analysis of the top Cretaceous structure map was used to describe the southward charge from the 
deeper kitchen into the foreland basin. This regional migration model explains oil provenance and 
quality. Important timing aspects such as the relationship between the structural history and source 
rock maturation and expulsion are described using a regional structural restoration in conjunction 
with the 1D models. Parra et al. (2011) included the thrusting effect by using a “1.5D” module, 
mimicking lateral rock transportation that is due to thrusting. Gallango and Parnaud (1995) 
performed 2D modeling, including hydrocarbon migration, in the unthrusted southern area. They 
also described a second model within the thrusted area that simulates the basin history prior to 
compression (from the Mesozoic to early Miocene). This model proposes long-distance petroleum 
migration southward before the transpressional event, which resulted in the observed structural 
Page | 23  
 
complexity. In other papers, Roure et al. (2003), Schneider (2003), and Schneider et al. (2004) 
described fluid flow, pore fluid history, and diagenetic processes in a 2D model along a cross 
section parallel to the location of the model presented here.  
 
Modeling methods  
To address the charge and seal history of the Santa Barbara transect (Fig. 1.1) in the western 
Monagas Fold and Thrust Belt, we applied a combined approach using BPSM and structural 
restoration. A BPSM is a dynamic model of the sub-basin’s physical processes such as pore 
pressure and temperature evolution and the development of the petroleum systems including 
hydrocarbon generation, expulsion, migration, accumulation, and preservation (Hantschel and 
Kauerauf, 2009). BPSM is performed in 1D (on a well or pseudowell), in 2D (usually along a 
seismic section), and in 3D. BPSM can also provide predictions about seal capacity and integrity, 
especially if field data are available for calibration. 
In contrast to a static model that consists only of geometry and properties for present day 
(as observed), a dynamic earth model includes the evolution of geometry and properties. The 
paleogeometry—or structural geometry of the model at a given geologic age (or simulation 
timestep)—is strongly dependent on the paleowater depth (geometrical boundary condition), 
faulting activity, the lithology of the various layers, and their associated compaction behavior. 
Approaching accurate paleogeometry is crucial for achieving consistent results, especially for fluid 
flow simulations. In standard BPSM, the paleogeometries are automatically generated using a 
simplified restoration approach known as backstripping (Figs. 1.2a, 1.2b).  
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Figure 1.2: Steps for (a, b) backstripping and (c,d) structural restoration of geometries of different 
structural complexity. For details see text. 
 
Geomechanically based structural restoration uses the present day interpreted and depth-
converted geometry of a sedimentary basin or sub-basin for the restoration of the basin structure 
backward in geologic time (Figs. 1.2c, 1.2d). This is done by sequentially removing the syntectonic 
sedimentary layers from the youngest to the oldest (the reverse of deposition), allowing unfolding 
and unfaulting during the restoration (the reverse of deformation). In contrast to the simple 
backstripping approach, structural restoration allows much more control through additional 
geometrical boundary conditions such as lateral movement of rocks along faults or bedding slip. 
Recent development has resulted in geomechanical restoration algorithms, extending the pure 
geometrical approach by applying physical laws of rock deformation (Maerten and Maerten, 
2006). The paleogeometries obtained by structural restoration are then used to describe basin 
geometry through time in a petroleum systems model. 
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The backstripping approach is applied to tectonically undisturbed areas and to areas where 
faulting occurred much earlier than in the main phase of hydrocarbon generation (typically a sag 
basin or the postrift sequence of a passive margin; Fig. 1.2a). In basins where extensional faulting 
occurred and where fault slip has an important horizontal component (e.g., listric faults), 
backstripped paleogeometries show “spiky” artifacts (Fig. 1.2b); these paleogeometries are 
generally not good enough for predicting prefaulting hydrocarbon migration but might be 
acceptable for hydrocarbon generation modeling. Here, structurally restored paleogeometries are 
important for the layer shape in the proximity of faults, and when cross-fault connectivity (like 
sand-sand overlaps) matters (Fig. 1.2c). Alternatively, manual correction of paleothickness can be 
done. In halokinetic settings, backstripping is generally superimposed by simple salt reconstruction 
workflows (area-balancing and extrapolation). Structural restoration should also be considered if 
salt movement results in more complex geometries. In any case, thermal modeling in the vicinity 
of salt is difficult due to its extremely high thermal conductivity. In areas with overthrusting or 
overturned folds (Fig. 1.2d) with multiple stratigraphic sequences, typically a fold and thrust belt, 
backstripping fails completely because lateral rock movements are missing. In the latter case 
paleogeometries need to be generated by means other than backstripping (from simple conceptual 
drawing to true structural restoration). 
Paleogeometries generated from structural restorations can be loaded into BPSM software 
as an alternative to performing a calculation from backstripping. Meshing is done section per 
section (timestep per timestep), and tracking of cells from one section to the other is following 
rules described in Hantschel and Kauerauf (2009). For the ages corresponding to the paleosection, 
the basin geometry is fixed; it is not a function of compaction-controlled forward modeling as is 
the case when using backstripping. The BPSM simulation is restricted to the calculation of 
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properties such as porosity, overpressure, temperature, vitrinite reflectance (Ro), and source rock 
maturity, which populate the fixed paleogeometries, as well as hydrocarbon migration. These 
compaction-controlled results are not used to adjust the depositional amounts and to correct the 
paleogeometry as done in the backstripping approach, and consequently geometry optimization 
cannot be performed. The possible difference between the compaction law–controlled porosity 
change and the predefined geometry change is indirectly compensated by the corresponding 
adjustment of the solid grain mass. When paleogeometries are used for basin analysis and BPSM, 
some factors become very important. Restoration must focus towards a best estimate paleowater 
depth, because changes in slope directions and topography can largely affect fluid flow. Erosion 
should be estimated and reconstructed, and many geologic events need to be taken into account to 
increase the resolution through time for dynamic modeling. The sediment thickness must be 
corrected in geologic time for decompaction. All these factors which are common sources of 
uncertainties are critical for a geologically meaningful restoration. 
As a consequence of the optimization method just described, adequately decompacted 
paleogeometries are required from structural restoration. Inadequate decompaction can produce 
large errors, resulting in an unbalanced mass of solid rock matrix, underestimated source rock 
paleo-burialdepth, and deviated paleomigration paths related to differential compaction. However, 
it is difficult to define adequate decompaction. As a rule of thumb, in normally pressured clastic 
basins where the main compaction driver is linearly increasing effective stress, simple hydrostatic 
decompaction laws, such as those described by Athy (1930), can be used for restoration. In cases 
of abnormal pressure (overpressure), hydrostatic decompaction overestimates the effective stress, 
or underestimates porosity, and might fail to the same degree as restoration neglecting 
decompaction. One might be scaling normal decompaction curves wherever regional overpressure 
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occurs and has occurred. In basins with complex erosion, pressure, and diagenetic histories, 
optimization loops (using BPSM simulated properties for optimized decompaction in second 
restoration) might be necessary. Any sort of decompaction in a carbonate-dominated environment, 
where compaction is generally less understood because of the effect of mineral transformations 
and cementation, is subject to much larger uncertainty. The question of whether to use 
hydrostatically decompacted or nondecompacted structurally restored paleogeometries is 
discussed in the present paper’s section on uncertainty analysis. 
 
Modeling 
Prior to structural restoration, we performed several 1D simulations. These generated 
erosion and paleoaltitude estimations for structural restoration and provided a calibration for the 
2D model. 1D modeling also gave the first information on hydrocarbon generation and timing to 
identify the period of first source rock maturation (“critical moment” as defined by Magoon and 
Dow, 1994). This is very important because prior to structural restoration, its identification 
indicates when additional timesteps are needed to increase time resolution for critical time intervals 
so that the active petroleum system can be dynamically modeled in an adequate way. However, 
for simulation, regular timesteps are needed not only during the critical moment but also for the 
entire basin history. 
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Figure 1.3: Structural evolution of the Monagas Fold and Thrust Belt demonstrated by structural 
restoration: (a) Passive margin stage (until 23 Ma). (b) Early compression stage (21 Ma). (c) Late 
compression stage (12 Ma). (d) Present day. For details see text. 
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 Structural restoration 
The following section describes our structural restoration results, shown in Figure 1.3, of 
the post-rift structural evolution of the Monagas Fold and Thrust Belt. It can be divided into three 
main steps: (1) From the Mesozoic to Oligocene, the Monagas area formed parts of the northern 
passive margin of the South American Shield (Fig. 1.3a). The subsidence driver was mostly 
thermal cooling and isostatic load, with only a few normal faults. The sediments were sourced by 
the craton in the south. (2) In the early Miocene, the margin experienced compression from the 
transcollision with the Caribbean plate (Fig 1.3b). Two major normal faults which formed during 
rifting were inverted in the course of the collision, generating the regional Furrial and Pirital 
Thrusts. Synorogenic deposits were covered by the thrusted allochthon, and intramontane piggy-
back basins were formed. With increasing uplift and erosion (middle Miocene, Fig. 1.3c), their 
sediment fills were re-deposited to form the important syntectonic Oficina and Carapita 
Formations south of the thrusts. (3) From late Miocene on, the late compressional phase started. 
Figure 1.3d shows the present day structure of the Monagas Fold and Thrust Belt (2D model 
crossing the Santa Barbara field). According to our restoration, the total shortening on the section, 
accommodated by the thrusts during the compression, is around 40 km (24.86 miles), which 
corresponds to 35%. It is important to notice that the Pirital Thrust was active until late Miocene, 
as indicated by the fault displacement analysis (Fig. 1.4). These late tectonic movements might 
have an important effect on the seal integrity of prospects that are in the vicinity of the thrust. 
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Figure 1.4: Fault displacement from late Miocene to present day for all faults on restored cross 
sections (a) and for the Pirital Thrust only (b). Black and white shading and size of points show 
magnitude of displacement in metres. 
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Model input data 
Geologic ages, lithologies, and petrophysical parameters (Appendix 1.1) were assigned to 
our 2D model. For the main source rocks (Querecual and San Antonio Formations), a Type II B 
kinetic was assigned (Pepper and Corvi, 1995). As a base case, we assumed a constant initial TOC 
of 6 wt% and an initial HI of 500 mgHC/gTOC. However, because initial TOC and HI were 
estimated from present day measured values, these initial values are highly uncertain. In addition, 
there is both lateral and vertical variability within the layer; even though locally very high source 
rock potential is likely to occur, a bulk TOC and HI need to be assigned to the model cells. For 
these reasons, several models with different initial TOC have been run, and their sensitivity to the 
modeled charge is discussed below. Faults were set open to fluid flow in the course of their main 
kinematic activity, which is estimated by fault displacement analysis of the structural restoration 
models. After their main activity phase, faults are assumed to be closed. Fault permeability was 
also a varying parameter in the sensitivity analysis discussed below. All thermal boundary 
conditions are given in Table 1.1. Surface temperature ranges between 23 and 30°C (73.4 and 
86°F) through geologic time, with a present day average temperature of 28°C (82.4°F). These 
temperatures at sea level have been corrected by the influence of the paleowater depth using the 
approach of Wygrala (1989). Because of the high topographic elevation of about 3500 m (11,483 
ft), the maximum altitude during the past compressional phase, we adjusted the model, taking into 
account a temperature decrease of 6°C/km (3.3°F/1,000 ft) related to the paleoaltitude. This results 
in a difference of up to 20°C (68°F) compared to the sea level temperature. We then assigned the 
adjusted sediment/water interface temperatures to the model as the upper thermal boundary 
condition. At the base of the model, we assigned a heat flow ranging from 42 to 80 mW/m² through 
geologic time. The highest heat flow is assumed during the rifting event, before the basin cooled 
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as a passive margin. A thermal event in the Eocene, detected by fission track analysis (Perez de 
Armas, 2005; Locke and Garver, 2005), has been addressed by a second peak before a second 
cooling phase. Basal paleoheat flow has been varied within geological meaningful ranges and 
honoring the thermal calibration data as much as possible. 
 
 Table 1.1: BPSM input parameters for the Monagas fold and thrust belt model: Thermal boundary 
conditions. 
 
Modeling results 
BPSM can be divided into simulation of the physical parameters within a basin, such as 
pressure and temperature (basin modeling), and the subsequent evolution of the source rocks and 
their derived hydrocarbon compounds (petroleum systems modeling). In the following sections, 
we use this subdivision to describe the BPSM results: compaction modeling, thermal modeling, 
and charge history. It is important to state that these are predictions based on forward modeling as 
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just described. The results are compared and calibrated to actual measurements and observations, 
where available. 
 
 Compaction modeling 
Figure 1.5 presents an extraction of the modeled results at the location of Well Alpha in 
the Furrial Trend. In the absence of direct calibration data for pore pressure, we undertook a 
sensitivity analysis to test the different scenarios. Using the model, we tested how pore pressure in 
the main reservoir of the Furrial Trend reacts to changes in fault and seal rock permeability. In a 
first step, fault permeability has been evaluated. Faults were assumed open during the main fault 
activity phase and closed faults afterwards. In addition, we performed several variations from that 
base case scenario. Figure 1.5a shows the effect of two end-member scenarios on pore pressure 
within the main reservoir of the Furrial Trend (Santa Barbara field) in which faults have been 
modeled to be either open or closed since their formation. A third scenario consists of thrust faults 
that are open during the compressional phase (from 15 Ma on), and closed afterward (from 10.5 
Ma on). This scenario has been chosen as the “master scenario” because it results in overpressure 
of 23 MPa, which is in the range of pressure reported in similar structures of the Furrial Trend by 
Schneider et al. (2004). In addition, this pressure scenario matches the calibration data for porosity 
(Fig. 1.5b). It can be clearly seen that the timing of fault permeability directly impacts changes in 
the present day pore pressure. The earlier the faults are closing, the more overpressure, generated 
by the massive syntectonic sedimentation, is kept until present day, given adequate sealing 
lithologies are present. 
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Figure 1.5: Plots of 1D model output and available calibration data for well Alpha (Appendix 
1.2): (a) Dotted lines are hydrostatic and lithostatic pressures, continuous lines are pore pressure; 
the master scenario is in black (a1: faults closing at 10.5 Ma) and additional scenarios in gray 
(a2: open faults; a3: closed faults). (b) Modeled porosity, (c) (c) borehole temperature and (d) Ro. 
The black line shows the master scenario and the gray line the alternative high heat flow scenario. 
 
 
  
The present day overpressure is modeled as 14 MPa when the faults are open since 8 Ma, 
as 23 MPa for 10.5 Ma, and as 37 MPa for 12 Ma. Compared to this order of magnitude, changes 
of the permeability of the overlying Carapita shale are negligible for the pore pressure. Therefore, 
the controlling parameter for pore pressure in the main reservoir of the Furrial Trend is assumed 
to be fault permeability and resulting lateral connectivity, rather than the permeability of the seal 
rock. 
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The 2D distribution of modeled overpressure at present day is shown in Figure 1.6a. Apart 
from important overpressure in the Querecual Formation, the allochthon is almost normally 
pressured. The thrust wedge is overpressured, especially in the low-permeability Carapita 
Formation. Whilst the autochthon is highly overpressured, close to normal hydrostatic pressures 
are simulated in the foreland basin. The model assumption of closed faults in the post-
compressional phase discussed is resulting in a regional pressure compartmentalization (Fig. 1.6a). 
The simulated pressure evolution through geologic time can be seen on Figure 1.7a. A time 
extraction of a source rock cell in the thrust wedge shows a sudden increase of both lithostatic and 
hydrostatic pressures which is a consequence of the tectonic burial load associated with the 
thrusting. Also, the modeled pore pressure buildup, even though delayed in time, can be directly 
linked to the thrust event.  
 
Thermal modeling 
Modeled temperature and thermal maturity (Fig. 1.5c and d) have been calibrated to 
available well data. Some discontinuities in the modeled Ro trend are noted (Fig. 1.5d): The upper 
kinks (e.g., base Pliocene) are related to unconformities with associated erosion, and the lower one 
(base Upper Cretaceous) is due to the well penetrating a reverse fault and displacing mature rocks 
upon less mature ones (see Fig. 1.6b for 2D view). There is a mismatch between the modeled Ro 
trend and the data in the deeper part of the well. In the Oligocene rocks, the modeled temperature 
is too low (2°C or 3.6°F), while the modeled Ro is too high (up to 0.2% Ro). Any attempt to reduce 
the modeled Ro (e.g., by changing thermal conductivity of the Miocene Carapita Fm) also results 
in a lower modeled present day temperature. Therefore, the thermal scenario  used  for  this  
calibration   is   a   trade-off   between   matching   present   day temperature and Ro (using the 
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Figure 1.6: 2D model at present day with (a) modeled overpressure and (b) modeled thermal 
maturity and isotherms. Source rocks marked by lithology pattern. 
 
kinetics of Sweeney and Burnham, 1990). The basal heat flow assumed in the master scenario 
(Table 1.1) results in a modeled present day surface heat flow ranging from 37 mW/m² in the 
southern part of the thrusts to 52 mW/m² in parts of the uplifted area. At the same depth, the 
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allochthonous northern part is thermally more mature than the southern autochthon (Fig. 1.6b) as 
a result of the recent uplift. Locally inverted trends around the thrusts can be observed; e.g., at the 
location of Well Alpha (see Fig. 1.5d). In the autochthon, the Upper Cretaceous source rocks are 
entirely in the oil or even gas window at present day because of the Neogene tectonic loading and 
synorogenic deposition. In the northern allochthon, most of the Upper Cretaceous source rocks are 
in the oil window. The modeled thermal maturity is in good agreement with the regional maturity 
suggested by Summa et al. (2003). 
Similar to the pressures, the thrusting also affects the modeled temperature and Ro. In the 
thrust wedge, a direct relationship exists between the thrusting and the increase of temperature and 
maturity. The thrusting is the trigger for source rocks entering the oil window within the thrust 
wedge (Fig. 1.7b), and the present day thermal maturity has been reached since the last 10 Ma. 
While this recent thermal history can be considered as relatively well constrained by the measured 
Ro in the calibration well, this does not apply to the past. In this thrusted area, any thermal maturity 
reached prior to the thrusting onset has been “overprinted,” and therefore no thermal calibration is 
possible for this period. However, the Cretaceous source rocks were not buried deeply during the 
passive margin phase, and even very hot scenarios (basal heat flow of 100 mW/m2) do not 
significantly change their maturity (Fig. 1.7b). In the uplifted allochthon, several wells show low 
(0.3%) to moderate (1%) measured Ro (Parra et al., 2011). Because the allochthon experienced its 
maximum burial and the highest temperatures during the passive margin phase, these maturity 
levels can be assumed as representative of the maturity prior to the compression. In contrast to the 
thrust wedge, the consequence of the thrusting is inverse for the early mature zone until present 
day. The assumption of a regionally relatively homogeneous thermal field during the cooling phase 
of the passive margin in combination with the relatively low maturities measured in the uplifted 
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Figure 1.7: Time extractions (see Fig. 1.6 for location): (a) Pressure development through 
geologic time for a source rock in the vertical continuity of Well Alpha. Dotted lines are 
hydrostatic and lithostatic pressures, continuous lines are pore pressure; the master scenario is 
in black (a1: faults closing at 10.5 Ma) and additional scenarios in gray (a2: open faults; a3: 
closed faults; a4: faults closing at 12 Ma; a5: faults closing at 8 Ma) (b) Temperature (continuous 
lines) and Ro (dotted lines) through geologic time for a source rock in the vertical continuity of 
Well Alpha; the black line shows the master scenario and the gray line the alternative high heat 
flow scenario. (c) Temperature (continuous lines) and Ro (dotted lines) through geologic time for 
a source rock in the uplifted allochthon; the black line shows the master scenario and the gray 
line the alternative high heat flow scenario. Bold lines in the stratigraphic column are thrusts (T) 
and unconformities (U).  
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allochthon makes the hot heat flow scenario unlikely. However, a laterally varying heat flow 
cannot be excluded, and the consequently hotter paleoheatflow would have led to much higher 
temperatures prior to compression, resulting also in a higher present day maturity level (1.4%), 
despite the uplift (Fig. 1.7c). Any variations of basal heat flow during the rift period (late Jurassic 
to early Cretaceous) occurred too early to affect the maturity of the source rocks deposited during 
the late Cretaceous.  
 
Charge history 
After calibration of the basin’s physical environment, the evolution of the petroleum 
systems was modeled. Hydrocarbon generation was simulated through geologic time using the 
activation energy distribution of the assigned source rock kinetics. From the moment of 
hydrocarbon expulsion onward, secondary migration was modeled using the invasion percolation 
method (Wilkinson, 1984). It takes into account the geometry, overpressure gradient, and capillary 
entry pressures of the rocks, which are opposed to the buoyancy of the migrating oil and gas. 
Figure 1.8 shows the time evolution of the total study area, and Figure 1.9 focuses on the thrust 
wedge. As already mentioned, the described charge history is based on forward modeling. It is 
consistent with the modeled compaction and thermal history, and therefore shows one scenario 
that explains the charge of the Santa Barbara field and the foreland basin. Simplifications are 
inherent to any such workflow and shall be considered when analyzing the modeling results. 
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Passive margin phase—Mesozoic to Oligocene 
Modeling results indicate that already during late Cretaceous, any Jurassic source rocks 
potentially deposited in the northern part of the section (Summa et al., 2003) have reached 
temperatures of more than 200°C (392°F) and corresponding high levels of maturity. However, 
the temperature at the base of the Querecual Formation (Upper Cretaceous) was less than 100°C 
(212°F), leaving the kerogen immature. The source rock became effective only during late Eocene, 
with temperatures of up to 120°C (248°F) and a (reactive kerogen to hydrocarbon) transformation 
ratio (TR) of more than 20% in the deeper distal part of the passive margin. Oil was quickly 
expelled, migrated vertically, and seeped to the surface because of the general lack of seals in the 
overburden. During Oligocene, the time of deposition of the Merecure reservoir sandstones in the 
southern platform, this situation basically did not change apart from increased transformation in 
the deeper basinal part of the passive margin. First oil accumulations are modeled in the  Vidoño  
sandstones in the basinal part in late Oligocene (Fig. 1.8a), where the base of the Querecual 
Formation shows TRs of up to 60% at around 130°C (266°F). In the proximal part, there is no 
hydrocarbon generation. Although there is a general northward tilting slope, no southward 
migration from the distal margin is modeled; this has been checked using different migration 
methods including Darcy flow, with scenarios of continuous intrasource carrier beds. This is in 
contrast to the studies from Gallango and Parnaud (1995) and Schneider (2003), who suggested 
lateral migration at that stage. The difference could be explained by the presence of a regional top 
seal in their models. However, our model suggests that the shallow rocks do not have sufficient 
sealing capacity to allow lateral hydrocarbon migration. During the passive margin phase, the basin 
was normally pressured (Fig. 1.7a), and simulated stresses have not yet resulted in any fracturing 
at that stage. 
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Figure 1.8: 2D model through geologic time (selected timesteps only) with modeled TR for the 
source rock layers, isotherms, and liquid and vapor migration and accumulation. 
 
 
FOLDOUT 1 
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Main compressional phase—Early to middle Miocene 
With the onset of compression during early Miocene (Fig. 1.8b), both the Pirital and Furrial 
Thrusts were formed, and the northern distal part of the passive margin was rapidly uplifted. 
Important overpressures as well as mechanical rock failure, both the result of the rapid uplift, are 
simulated in the allochthon. Despite this uplift, the kerogen-to-hydrocarbon transformation 
continued, and the rate even increased locally close to the footwall cutoffs and where synorogenic 
deposition provided rapid overburden loading. Oil accumulations are modeled in the freshly 
created anticlines. 
The tectonic-sedimentary wedge between the two main thrusts experienced very rapid 
burial. In fact, the Upper Cretaceous source rocks were brought into depths where temperatures 
were as high as 185°C (365°F) at 19 Ma and 225°C (437°F) at 15 Ma. Especially close to the 
cutoff of the Pirital Thrust, they very quickly reached a high maturity at 19 Ma and reached full 
transformation in most places at 12 Ma. The expelled hydrocarbons migrated into the sandstones 
of the Merecure Formation, which were sealed by the Carapita Formation. The charge towards a 
series of recent anticlines is modeled by the fill-to-spill mechanism from north to south (Fig. 1.9c, 
d). After first oil fill, the northern prospect quickly received a local gas charge; the central structure 
contained mainly oil. Note the presence of a lateral seal that is due to sand-shale juxtaposition. The 
southernmost structure, which forms the Santa Barbara field today, was charged by oil only at 15 
Ma (Fig. 1.9d). 
The generated hydrocarbons in the southern autochthon were leaking to the surface until 
the Carapita Formation was compacted enough to hold some of them (Fig. 1.8c). At 12 Ma, the 
wedge source rocks were mostly spent, but expulsion was still ongoing. 
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Figure 1.9: Detail of 2D model through geologic time (see Figure 8), showing modeled TR for the 
source rock layers, isotherms, and liquid and vapor migration and accumulation. The Santa 
Barbara field and the prospect are shown by ellipses.    
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Important rock failure is modeled to have occurred in the thrusted footwall, breaking the 
formerly sealing Carapita Formation (Fig. 1.10). This is in good agreement with cemented 
hydraulic fractures observed in a few cores in the Carapita shales from the Furrial Trend (Roure et 
al., 2005). This important fracturing event resulted in the destruction of the modeled accumulation 
(Fig. 1.9e). Hydrocarbon generation and expulsion were also happening in the southern foreland 
basin at transformation ratios of up to 30%.  
 
Late compressional and postcompressional phase—Late Miocene to present day 
The late compressional phase was marked by the partial destruction of the allochthonous 
petroleum systems by erosion (Figs. 1.8e, 1.8f). Many traps disappeared and the hydrocarbon 
generation within the source rocks stopped. The erosion triggered an important sediment transfer 
toward the south, contributing to further burial and increased temperatures in the thrust wedge and 
the foreland basin. During late Miocene, the petroleum system in the wedge matured. An important 
northward tilting was triggered by flexural tectonic loading and the loading of syntectonic 
sediments (Summa et al., 2003). In combination with the presence of an effective regional top seal, 
the compacted Carapita Formation allowed a change from dominantly vertical migration into 
lateral migration. First, accumulations are modeled in the Neogene synorogenic sequence 
reservoirs in the south, and important southward migration toward the foreland basin started (Fig. 
1.8g). These trends continued through Pliocene and Pleistocene times to present day, filling the 
Onado field (Figs. 1.8h) and other known fields in the south (Fig. 1.1a) of the Eastern Venezuela 
Basin. 
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Figure 1.10: 2D model (at 12 Ma) with modeled stress to failure, Mohr circles (with σ standing 
for normal stress and τ for shear stress), and petroleum system events charts for the Santa Barbara 
field (left) and the prospect (right). Model predicts rock failure in the prospect from about 12 Ma. 
For further details see text. 
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Prospectivity 
We modeled the charge of the Santa Barbara field in the Furrial Trend and of the Onado 
field in the foreland basin (Fig. 1.8h). Other prospects in the thrust wedge were also investigated. 
The structure called “prospect” (Fig. 1.9g) looks similar to that of the Santa Barbara field because 
both are anticlines and the reservoir and seal formations are the same. However, they differ in 
several aspects. First, the prospect is in the vicinity of the Pirital Thrust, which presents a high risk 
of impacting the seal integrity. The prospect location is directly below the area where we presume 
the maximum of late tectonic activity occurred (Fig. 1.4). As modeled, the Carapita Formation, 
the seal of the prospect, was already brittle when this deformation occurred. Calculated stresses 
also predict rock failure from 12 Ma onward (Fig. 1.10). Even though charge continued, our model 
suggests continuous leakage of the structure (Fig. 1.9e–9g). The second major difference is that 
the source rock in the fault block of the prospect is modeled to have already started generating and 
expelling hydrocarbons during the Oligocene and early Miocene (Fig. 1.9a), earlier than the trap 
formed and the seal was effective (Fig. 1.9c, Fig. 1.10). Even though generation, expulsion, and 
migration continued after trap formation, the prospect was not charged with the early expelled oil. 
In addition, the present day maturity of the source rocks within the prospect’s fault block is higher 
than in the source rocks within the tectonic block of the Santa Barbara field, potentially indicating 
expulsion of more gas. A south-north trend can be seen on the modeled accumulation composition, 
with more gas toward the allochthon (Fig. 1.9). The modeled composition of the prospect prior to 
seal failure was much richer in gas than in the neighboring Santa Barbara field (Fig. 1.9d). In fact, 
simulation scenarios with unbreached seals resulted in accumulation of predominantly gas. The 
combination of both seal integrity and charge composition concerns makes this a risky prospect. 
Page | 47  
 
In addition, potential diagenetic fluids related to the fault fluid flow might have altered the 
reservoir quality.  
Apart from the Onado oil field, only minor accumulations are modeled in the southern 
Neogene synorogenic sequence. The proportion of gas is higher than in the Furrial Trend. The 
accumulations at the southern model edge are a modeling artifact, representing hydrocarbons 
(mainly oil) that in reality are thought to have charged the southern foreland basin (from mid to 
late Miocene times to present day). However, parts of the migrated oil and gas could have been 
trapped in the Upper Cretaceous San Juan Formation south of the horst structure. 
The potential for conventional hydrocarbon accumulations in the allochthon is very limited 
by the important fracturing that occurred during the uplift period. The basal sandstones of the 
Morochito piggy-back basin north of the Pirital Thrust are not charged in our 2D model because 
of the absence of structural traps. But there is a potential for stratigraphic traps to have been 
charged as migration through the basin occurred. However, seal strength might be critical at this 
low-compaction stage. The same applies for the Las Piedras Formation. We think there might be 
potential for shale oil because the Querecual Formation is in shallow depths but shows maturity 
within the oil window. From the thermal maturity point of view, any potential Jurassic source 
rocks, as discussed by Summa et al. (2003), might be a gas source or shale gas target. 
 
Discussion: Uncertainty Analysis 
There is often significant uncertainty in basin geometry and depth of stratigraphic horizons 
based on uncertain seismic interpretation and velocity models (Kukla et al., 2000; Brandes et al., 
2008; Baur et al., 2010). Restoring of present day geometries to obtain paleogeometries adds 
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further uncertainty. Additional uncertainty is related to thermal boundary conditions such as 
paleoheat flow (Beha et al., 2008) and to geochemical properties such as source rock characteristics 
and petroleum generation kinetics, and calculation of biodegradation and petroleum density 
(Blumenstein et al., 2008). In addition to the pore pressure and thermal sensitivity analysis just 
described, we varied initial TOC within a range of 2 to 10%. A variation of initial TOC obviously 
directly scales the amount of initial kerogen available for transformation into hydrocarbons. 
Neither the charge volume nor composition of the Santa Barbara field, nor the wedge prospects, 
are significantly sensitive to variation of initial TOC; these traps are filled to spill in each scenario. 
However, the amount of hydrocarbons charging the foreland basin (e.g., the Onado field), is 
reduced in the case of low initial TOC. A high initial TOC only increased the modeled amount of 
surface seepage. The sensitivity of the initial HI is analogous to the sensitivity of the initial TOC. 
In addition to the more classical uncertainty and sensitivity analysis described, we focused 
on quantitative analysis of the decompaction uncertainty when performing structural restoration. 
This uncertainty is particular to the applied workflow of using structurally restored 
paleogeometries in BPSM. Note that this uncertainty is significantly lower when using the 
backstripping method with the optimization algorithms discussed. One method to analyze the 
adequacy of the decompaction method is comparison of the output rock matrix mass balance. In 
the backstripping approach, the rock matrix mass is kept constant with a simulated decrease in 
porosity controlled by compaction laws and the corresponding reduction of the layer thickness. 
When using fixed paleogeometries from structural restoration, the cell thickness is imposed. 
However, the decrease in porosity is calculated, so the rock matrix mass is constant only if ideal 
decompaction has been applied. 
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Figure 1.11: Time extractions for comparison of two end-member decompaction scenarios (see 
Fig. 1.6 for location): (a) Rock matrix mass conservation through geologic time. (b) Source rock 
burial depth through geologic time. (c) Temperature and transformation ratio through geologic 
time. 
 
Figure 1.11a shows the percentage variation from the present day matrix mass (100%) of 
a given source rock cell through geologic time. The dotted line represents the ideal case with 
constant rock matrix mass. We used two end-member decompaction scenarios to describe the 
decompaction-related uncertainty that is introduced when fixed paleogeometries replace 
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backstripping: idealized hydrostatic decompaction assuming no overpressure and idealized 
lithostatic decompaction assuming no effective stress (no decompaction, resulting in constant cell 
thickness through time). In the latter case, with decreasing porosity during compaction, the rock 
matrix mass increases until it reaches the present day mass. In other words, rock mass matrix has 
been highly underestimated in the past (in this particular case by more than 20%). This is a source 
rock, so the kerogen mass decreases by the same factor. This yields an underestimation of more 
than 20% in TOC! Note the rock matrix mass is constant for timesteps prior to 23 Ma, where 
backstripping optimization could be performed toward the earliest paleogeometry. For the second 
end-member scenario of idealized hydrostatic decompaction, the rock matrix mass is nearly 
constant, which is a good decompaction adequacy indicator for that given cell in the model. 
However, the so-measured adequacy changes throughout the model. In some areas, the rock matrix 
mass has been underestimated by about 50% for nondecompacted paleogeometries; however, in 
the case of hydrostatic decompaction, values generally range from 80 to 120% of the present day 
rock matrix mass. That means, in this particular case, that hydrostatic decompaction is more 
adequate (or less wrong) than no decompaction at all. The decompaction adequacy can be roughly 
correlated with pressure changes through geologic time.  
Inadequate decompaction results in wrong depth for stratigraphic horizons in the 
paleogeometries. Figure 1.11b shows the burial depth of the same investigated source rock cell. 
We can see that during the passive margin phase, there is a slight difference in paleoburial depth 
for the two end-member scenarios. During the compressional phase, the difference changes 
dramatically, reaching more than 1000 m (3,281 ft) in some places. Toward present day both 
curves meet again, because the input to the two restoration scenarios was the same (identical 
present day burial depth). This difference in compaction calculation has severe implications on 
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modeled temperature history and the kerogen-to-hydrocarbon transformation (Fig. 1.11c). For an 
identical thermal framework in terms of modeling input parameters, temperature differences of up 
to 25°C (45°F) result in TR differences of more than 20% in the early compressional phase before 
TR values meet again for the present day situation. 
 
Conclusions 
Structurally complex areas are attracting more and more interest in hydrocarbon 
exploration. Exploration risk can be substantially narrowed by analyzing the history of the basin 
and its petroleum systems based on structural evolution. We presented a further progress in 
technology that allows the integration of structural restoration and BPSM. This combined analysis 
is seen as a way forward to improve modeling in thrust belts with stacked stratigraphic sequences. 
Despite limitations of nonoptimized decompaction, which are added to the general uncertainty 
related to the individual methods, we modeled the charge and seal history of the Monagas Fold 
and Thrust Belt in Venezuela. Calibrated porosity, temperature, and thermal maturity, as well as 
basin-scale stress, provided the regional framework through geologic time in which the petroleum 
systems evolved such that the charge of the known Santa Barbara and Onado fields and other 
trends could be understood.  We discussed seal integrity of a potential exploration prospect by 
analyzing structural restoration–derived fault displacement through geologic time and an advanced 
stress forward simulation. The uncertainty of using decompacted or nondecompacted structural 
restoration has been assessed. It can have important influence on rock matrix mass balance through 
geologic time, paleogeometry, and paleoburial depth, and therefore affect paleotemperatures and 
paleomaturities. We conclude that decompaction assuming hydrostatic pressure is the best option 
in that particular case.  
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Appendices 
Appendix 1.1: BPSM input parameters for the Monagas fold and thrust belt model: Geologic ages 
and lithologies. 
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Appendix 1.2: Calibration data for Well Alpha in the the Monagas fold and thrust belt (porosity, 
temperature, Ro).  
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Chapter 2 - Late Cretaceous to Cenozoic geodynamic evolution of the Atlantic 
margin offshore Essaouira (Morocco)  
 
Abstract 
After Mesozoic rifting, the Atlantic margin of Morocco has recorded the consequences of 
the continental collision between Africa and Europe and the relative northward motion of the 
African plate over the Canary Island hotspot during Cenozoic times. Interpretation of recently 
acquired 2D seismic reflection data (MIRROR 2011 experiment) presents new insights into the 
Late Cretaceous to recent geodynamic evolution of this margin. Crustal uplift presumably started 
during the Late Cretaceous and triggered regional tilting in the deep-water margin west of 
Essaouira and the formation of the Base Tertiary Unconformity (BTU). An associated hiatus in 
sedimentation is interpreted to have started earlier in the north (presumably in the Cenomanian at 
well location DSDP 416) and propagated to the south (presumably in the Coniacian at well location 
DSDP 415). The difference in the total duration of this hiatus is postulated to have controlled the 
extrusion of Late Triassic to Early Jurassic salt during the Late Cretaceous to Early Palaeocene 
non-depositional period, resulting in regional differences in the preservation of salt structures: the 
Agadir Basin in the south of the study area is dominated by salt diapirs, whereas massive canopies 
characterize the Ras Tafelnay Plateau farther north and salt-poor canopies and weld structures the 
northernmost offshore Essaouira and Safi Basins. Accompanied by volcanic intrusions, a 
presumably Early Palaeogene reactivation of previously existing basement faults is interpreted to 
have formed a series of deep-water anticlines with associated gravity deformation of shallow-
seated sediments. The orientation of the fold axes is roughly perpendicular to the present day coast 
and the extensional fault direction; therefore, not a coast-line parallel pattern of extensional faults, 
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related to the rifting and break-up of the margin, but rather a coast-line perpendicular oceanic 
fracture zone might have caused the basement faults associated with the deep-water folds. Both 
the volcanic intrusions and the formation of the deep-water anticlines show a comparable age trend 
which gets progressively younger towards the south. A potential tempo-spatial relationship of the 
BTU and the reactivation of basement faults can be explained by the relative northward motion of 
the African plate over the Canary Island hotspot. Regional uplift producing the BTU could have 
been the precursor of the approaching hotspot during the Late Cretaceous, followed during the 
Early Palaeogene by a locally more pronounced uplift above the hotspot centre.   
 
Introduction 
This paper presents new regional multichannel reflection seismic data of the MIRROR 
2011 experiment offshore Essaouira, western Morocco (Fig. 2.1), to further unravel the complex 
tectonic history of the Moroccan Atlantic margin, where deformation related to rifting, continental 
collision and a hotspot is superposed. On line BGR11-208 (Fig. 2.2), a series of anticlines are 
observed in deep water, which are oriented perpendicular to the coast line and have been previously 
interpreted to result from the inversion of pre-existing rift fabrics during the Atlas orogeny (Tari 
& Jabour, 2011). Closer to the coast, the Jurassic to recent sedimentary record is strongly 
influenced by salt tectonics (Figs. 2.1a, 2.3 and 2. 4; also see Hinz et al., 1982, 1984; Heyman 
1989; Hafid 2000; Hafid et al., 2000, 2006, 2008; Tari et al., 2000, 2012; Davison, 2005; Jabour 
& Tari 2007; Tari & Jabour, 2008, 2013; Davison & Dailly, 2010). Even though a variation down 
dip in salt tectonic style has been reported (Tari et al., 2000) and a rough regional segmentation of 
salt provinces has been attempted (Tari et al., 2012), the general tectonic-stratigraphic framework 
of the salt basin and its possible genetic relation to tectonics both onshore and farther offshore is 
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not yet well understood. In this paper, we analyse the regional geodynamic evolution through 
geologic time to delineate the primary controls on the Late Cretaceous to recent tectonic and 
stratigraphic evolution, the development of the deep-water anticlines and the salt-structures 
offshore Essaouira. 
 
Geologic setting 
The evolution of the Moroccan Atlantic margin is summarized by Lancelot & Winterer 
(1980b) and Davison (2005). A rifting event, initiated during the Late Triassic, resulted in the 
formation of an extensional basin which partly re-activated pre-existing Permo-Carboniferous 
fracture systems within the Palaeozoic basement (Ziegler, 1989). The fill of Late Triassic grabens 
and half grabens reach a thickness of up to 5000 m in the Essaouira onshore Basin, comprising 
clastic sediments and basalts (Hafid, 2000). Recurrent evaporation of the invading Tethys Sea 
during Late Triassic and Early Liassic times led to the formation of thick salt sequences, 
containing, in places, intercalated basalt flows (Hafid, 2000). Sea-floor spreading is assumed to 
have initiated during Early Jurassic (Ziegler, 1989; Roeser et al., 2002; Sahabi et al., 2004). The 
Jurassic post-rift passive margin environment was characterized by the development of carbonate 
platforms and ramps, which formed on top of the evaporites in continental Morocco, and by 
deposition of marine mudstones in the more distal margin areas. With further subsidence during 
oceanisation, the carbonate platforms and ramps drowned. Sediments along the slopes and in the 
deep basin areas became generally more fine-grained, with turbidite sequences forming during the 
Tithonian to Hauterivian, and the accumulation of predominantly claystones from the Barremian 
to the Albian (DSDP wells 370, 415 and 416; Lancelot & Winterer, 1980a). In continental 
Morocco, crustal uplift is documented since the Early Cretaceous (Bertotti et al., 2010), associated 
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with erosion of clastic material and transport to the Moroccan deep-water offshore. Valanginian 
to Hauterivian turbidite sequences have been encountered by well DSDP 416 (Price, 1980) and are 
also exposed along the Moroccan coast (Saadi et al., 1978) and on Fuerteventura Island (Steiner 
et al., 1998). A Late Cretaceous regional uplift is observed in many parts of North West Africa, 
including the offshore study area, which can be related to the early beginning of the Atlas orgeny 
(Société Chérifienne des Pétroles, 1966; Bhat et al., 1975; Frizon de Lamotte et al., 2000). This 
orogeny created new sources for the Cenozoic clastic sediments. Finally, Cenozoic to recent 
volcanism resulted in the formation of the Canary Islands, Madeira and numerous seamounts 
(Anguita & Hernán, 1975, 2000; Holik et al., 1991; Carracedo et al., 1998, 2002; Hoernle & 
Carracedo, 2009; van den Boogard, 2013).  
Thermal gradients derived from temperature data measured in wells in the greater study 
area (Zarhloule, 2003) show a general westward increasing trend, from about 20-25°C/km in the 
Marrakech area to 30-35°C/km in the deep-water Atlantic margin offshore Essaouira and Agadir 
(Fig. 2.1b). Local gradients in excess of 35°C/km exist in the south-east of Essaouria. Surface and 
subsurface heat flow measurements show similar perturbations (Villinger, 1984; International 
Heat Flow Comission, 2011; Fig. 2.1b). In continental Morocco and along the shelf, heat-flow 
values range from less than 60 to more than 100 mW/m². Extreme variations occur over relatively 
short distances (e.g., from 55 to 107 mW/m² in only 15 km around the onshore Amsittene anticline 
south of Essaouira). These perturbations are thought to result from the presence of sub-cropping 
salt with very high thermal conductivity. The bulk heat flow in the onshore Essaouira Basin is 
between 60 and 70 mW/m². In the deep water domain, several measurements with elevated values 
in the range of 80 to 90 mW/m² have been reported. Even though the number of heat flow 
measurements might be not significant and a high uncertainty is inherent to the method, it can be  
Page | 59  
 
  
 
Figure 2.1a): Geological synthesis of the study area (modified from Tari & Jabour, 2008 and 
2011) with location of data used (DSDP wells 415 and 416, lines BGR11-202 and BGR11-208). 
The deep-water anticlines are shown in orange, and salt in pink; b) Measured thermal gradients 
(Zarhloule, 2003) and heat flow (Villinger, 1984; International Heat Flow Comission, 2011) of 
the study area. 
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argued that the regional heat flow is increasing from continent (60-70 mW/m²) to ocean (up to 90 
mW/m²). A similar oceanwards increasing heat flow trend is observed e.g. in the Norwegian part 
of the North Atlantic margin, due to the presence of the Iceland hotspot (Breivik et al.,1999; 
Fernandez et al., 2005; Scheck-Wenderoth and Maystrenko, 2008, Maystrenko and Scheck-
Wenderoth, 2009). 
Along the Atlantic margin offshore Essaouira, the position of the continent-ocean boundary 
and the nature of the transition zone remain under discussion (Roeser et al., 2002; Maillard et al., 
2006; Klingelhöfer et al., 2009; Jaffal et al., 2009; Day & Hilton, 2011). A crustal model located 
approximately 250 km north of line BGR11-202 (SISMAR cruise, Maillard et al., 2006; Jaffal et 
al., 2009) suggests a 35 km thick continental crust in its landward part, a more seaward transition 
zone of approximately 200 km width with progressively thinned crust and oceanic crust in the 
western part of the transect. Farther south, a “landward dipping reflector” acting as a detachment 
between the lower continental crust and the rising asthenospheric mantle is reported by Maillard 
et al. (2006), and Roeser et al. (2002) suggest extensive magma flows within a 70 km wide 
coastline parallel area, interpreted as belonging to oceanic crust. Day & Hilton (2001) found 
geochemical evidence for oceanic crust under the Canary Islands. South of the Canary Islands, on 
the DAKHLA profile (Klingelhöfer et al., 2009), the crustal thickness in the continental domain is 
modeled to be of 27 km thickness only, with typical oceanic crust occurring west of magnetic 
anomaly M25.  
Well DSDP 416 (The Shipboard Scientific Party, 1980b) is located in a water depth of 
4191 m in the north of the study area (Fig. 2.2). It penetrated a thick Cenozoic sequence of 
turbidites associated with high sedimentation rates (approximately 27 m/Ma; The Shipboard 
Scientific Party, 1980b). However, Upper Eocene and Lower Oligocene sediments are lacking. At 
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about 650 m depth below mud line (bml), the well encountered a thin Palaeocene section of 20 m 
thickness (average sedimentation rate of 1 m/Ma; palaeo-bathymetry of 3000-4000 m; The 
Shipboard Scientific Party, 1980b), before penetrating the Cretaceous, presumably the 
Cenomanian (potentially Albian). The unconformity between the Palaeogene and the Cretaceous, 
the Base Tertiary Unconformity (BTU), corresponds to a stratigraphic gap of about 40 Ma (The 
Shipboard Scientific Party, 1980b). In well DSDP 416, a hardground can be inferred at this stratal 
level from high gamma-ray peaks. The Lower Cretaceous sequence is rather muddy (Barremian 
to Albian; average sedimentation rate of 12 m/Ma; The Shipboard Scientific Party, 1980b), with 
turbidite sequences at the base (Berriasian to Hauterivian; average sedimentation rate of 6 m/Ma; 
The Shipboard Scientific Party, 1980b; see also Price, 1979). At the bottom hole in a depth of 1624 
m bml, the oldest formation drilled by DSDP 416 is assumed to be of Tithonian age. 
DSDP 415 (The Shipboard Scientific Party, 1980a) is located in the south of the study area 
(Fig. 2.2), in a water depth of 2794 m. The Cenozoic succession in this well is less thick than in 
DSDP 416, which is due to the proximity of the borehole to the Agadir submarine canyon and 
recent erosion in this system. The Miocene to recent sediments (average sedimentation rate of 18-
20 m/Ma; The Shipboard Scientific Party, 1980a) comprise chalk and marls. The Upper Eocene to 
Oligocene succession is lacking (hiatus of about 20 Ma; The Shipboard Scientific Party, 1980a). 
Below the Middle Eocene unconformity, a few tens of meters of Eocene and about 150 m of 
Palaeocene mudstone (average sedimentation rate of 15 m/Ma; The Shipboard Scientific Party, 
1980a) are present. DSDP 415 penetrates the BTU at 491 m bml. However, in contrast to DSDP 
416, 60 m of presumably Coniacian mudstones were encountered, sediments that were probably 
deposited in palaeo-water-depths of 3000 to 4000 m (The Shipboard Scientific Party, 1980a). 
Farther downhole, the Late Cretaceous to Palaeocene hiatus was possibly 20 Ma long, but an exact 
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duration cannot be established due to poor biostratigraphic control of the Upper Cretaceous 
sediment (The Shipboard Scientific Party, 1980a). Late Albian (at bottom hole at 1079.5 m bml) 
to Middle Cenomanian mudstones, marls and limestones are the oldest rocks penetrated by DSDP 
415. The Middle Cenomanian most likely contains repeated stratal successions, and records 
therefore a cumulative thickness superior to 300 m which would indicate unusually high 
sedimentation rates (203 m/Ma; The Shipboard Scientific Party, 1980a) if averaged. However, the 
thick Cenomanian succession in well DSDP 415 has been studied in detail in the context of gravity 
sliding by Price (1979b) and Dunlap et al. (2010). On wireline logs, potentially up to five 
stratigraphic repetitions can be identified, and the seismic reflection characteristics at this depth 
level show a rather chaotic character. Internally to the Cenomanian, slide blocks with preserved 
stratigraphy, slumps, possibly debris-flow units and other gravitational features can be identified. 
These mass-transport deposits are proposed to be sourced from the continental margin 
experiencing uplift during the early phase of the Atlas orogeny. A lateral change from high 
deformation, including thrusting, in the east to distal apron in the west suggests a continent to 
ocean mass transport direction. DSDP 415 and 416 and line BGR11-208 document that the entire 
Cenomanian interval thins out towards the west and the north.  
Salt bodies of different geometries and associated deformation of surrounding sediments 
have been identified in the study area previously (e.g. Hinz et al., 1982, 1984; Heyman, 1989; 
Hafid, 2000; Hafid et al., 2000, 2006, 2008; Tari et al., 2000, 2012; Davison, 2005; Jabour & Tari, 
2007; Tari & Jabour, 2008, 2013; Davison & Dailly, 2010). The uppermost salt has been drilled 
by DSDP 546 and has been identified to consist dominantly of halite of Rhaetian to Hettangian 
age (Hinz et al., 1984). The salt development is interpreted to have occurred in a sag basin 
overlying the syn-rift half grabens during Late Triassic to Early Liassic times (Hafid, 2000). 
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Locally, in particular in the present offshore areas, salt might also be present in the rifted half 
grabens. Salt tectonics occurred throughout the Mesozoic to Cenozoic. In the Agadir Basin, the 
salt bodies (as mapped by Tari & Jabour (2008); Fig. 2.1a) are either circular diapirs or SW to NE 
elongated salt walls, presumably following pre-existing syn-rift faults. On the Ras Tafelnay 
Plateau, predominantly allochthonous salt units do not reflect the syn-rift direction, but rather an 
orientation perpendicular to the palaeo- and present-day slope (NW to SE). Tari et al. (2000) 
observed a down dip variation in the tectonic maturity of the salt deformation from salt pillows 
and diapirs in the west to salt extrusions in the east of the Ras Tafelnay Plateau. Cenozoic 
compressional tectonics involving salt are also reported (Hafid, 2000; Hafid et al., 2006). The 
northern offshore Essaouira and Safi Basins contain less salt than the Agadir Basin and Ras 
Tafelnay Plateau. Tari et al. (2012) propose a regional segmentation of the entire offshore 
Moroccan Atlantic salt province, based on structural style and “salt richness”. An overview of 
different salt geometries in the study area and a reconstruction of the tectonic evolution is provided 
by Tari & Jabour (2013).  
The Essaouira onshore basin (Fig. 2.1) shows significant deformation related to the Atlas 
orogeny. Syn-rift faults have been inverted, resulting in folding involving basal decollement along 
the salt (Hafid et al., 2006). The Cap Tafelnay fold belt is interpreted as the offshore continuation 
and western termination of the Atlassic deformation (Hafid et al., 2000). The Atlas orogeny is also 
proposed as the trigger for the formation of the deep-water anticlines observed in the outer margin 
(Tari & Jabour, 2011; Fig. 2.1a). 
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Figure 2.2: Synthetic stratigraphy of wells DSDP 415 (a), DSDP 416 (b), line BGR11-208 non-
interpreted (c) and interpreted (d), and enlargements into deformation areas (e, f and g). Letters 
A to I mark different areas of deformation. 
 
 
FOLDOUT 2 
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Seismic analysis 
Seismic reflection lines BGR11-208 (Fig. 2.2c) and BGR11-202 (Fig. 2.3) were acquired 
during the MIRROR 2011 experiment. An air gun array with a total volume of 2764 cubic inch 
was used as the seismic source, and the signals were recorded with a streamer of 4500 m total 
length. Line BGR11-208, which connects the DSDP wells from NNE to SSW, is coast-line 
parallel, and line BGR11-202 is perpendicular to the coast. The latter profile reaches from shallow 
water in the ESE to more than 4000 m water depth around the Agadir Canyon (WNW). Line 
BGR11-208 is in deep-water, from approximately 2500 m in the south to more than 4000 m 
towards the north. A short 2D line from the seismic survey SHM99 (courtesy of ONHYM; Fig. 
2.4b and d) complements the observations.  
In a similar position to line BGR 11-208, a north-south line (METEOR 3902 profile; 
Winterer et al., 1980) is approximately connecting the wells DSDP 415 and 416. These wells 
provide an important age calibration for the interpreted regional reflectors of this line (Lancelot & 
Winterer, 1980a) and line BGR11-208 (Fig. 2.2). The boreholes also provide valuable lithological 
information for the Uppermost Jurassic to Cenozoic strata. However, it has to be noted that none 
of the wells penetrated neither Triassic to Jurassic strata nor any offshore half-graben or basement. 
The naming and colours of the reflector interpretation of lines BGR11-202 and BGR11-208 (Table 
2.1) is consistent with the prior interpretation of Lancelot & Winterer (1980a) where the reflectors 
are assumed to be identical. The red and orange reflectors have been used to subdivide the seismic 
succession into 3 depositional units overlying the acoustic basement (Table 2.1). In addition, 
auxiliary reflectors internal to the seismic units have been interpreted. Due to limited well control 
and the discontinuous nature of the reflectors, these ages are stratigraphic approximations. 
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Figure 2.3: Line BGR11-202 non-interpreted (a) and interpreted (b), and enlargements into 
grabens (c, d, e and f). 
 
FOLDOUT 3 
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Description of seismic units 
The top of the acoustic basement (labeled in brown on Figs. 2.2d and 2.3b) is located in a 
depth between 6 (north) and 8 (south) seconds two way travel time (s TWT). It is heavily faulted 
and folded, and often seismically disrupted. High amplitude seismic reflectors within the acoustic 
basement are chaotic to stratified with many lateral terminations and changes. While rather parallel 
on line BGR11-208 (Fig. 2.2c), some basement reflectors show wedge shaped geometries on line 
BGR11-202 (Fig. 2.3b and e). Due to a possible high content of basalts (as seen onshore; Hafid, 
2000) and the resulting seismic signature, some wedge-shaped seismic reflector packages that 
possibly represent the Triassic half graben infill are likely attributed to the acoustic basement, and 
therefore the top of the acoustic basement might not be an isochronous horizon. About 1 s TWT 
below the basement top, some rare continuous high amplitude reflectors (labelled in green on Figs. 
2.2d and 2.3b) can be identified.  
Seismic unit SU 1 (Table 1) is located between the top of the acoustic basement and the 
orange reflector. Because of the apparent complex nature of the depositional system during rifting 
and early sea floor spreading, the boundary between the acoustic basement and SU 1 cannot be 
distinguished easily. In general, the chaotic to disrupted reflectors were attributed in this study to 
the acoustic basement, and clearly stratified reflectors to SU 1. However, as mentioned above, it 
is likely that the top of the acoustic basement is not an isochronous horizon. The lower part of SU 
1, in particular in the west of line BGR11-202, is composed of half a dozen parallel semi-
continuous high amplitude reflectors. These are bound at their tops by the light blue reflector, 
which is close to the top of the Jurassic at well DSDP 416 (The Shipboard Scientific Party, 1980b). 
Low-amplitude, high-frequency reflectors mark the middle to upper part of the unit. Many onlaps 
on the acoustic basement are observed, in particular in the half grabens (Figs. 2.3c, d, e and f). 
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Wedge-type geometries within SU 1 are only present east of a prominent basement horst (Fig. 
2.3f). While the unit has a thickness of approximately 2 s TWT in the east, and thins towards the 
west to 1 s TWT, hardly any north-south thickness variations occur in SU 1. The entire unit is 
folded (Figs. 2.2c, d, e and f). The internal horizons show a high lateral continuity and striking 
parallelism, with little disruptions due to minor faults. This character changes in the east of line 
BGR11-202, where SU 1 thickens to approximately 3 s TWT, particularly in the upper part. A 
westward thickening wedge shows high-angle onlaps on a diapir-like structure (Figs. 2.3a and b). 
This structure terminates with high amplitude reflectors in SU 3 (pink horizon in Fig. 2.3b) and 
weakens the seismic signal below, similar to at least two other structures in the vicinity. However, 
on seismic line SHM99-03 (Figs. 2.1a and 2.4b), the signal below the pink horizon is much better, 
and significant deformation can be observed.  
  
Table 2.1: Seismic units, seismic marker horizons and approximate stratigraphic ages. 
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An abrupt change in seismic facies marks the boundary between SU1 and seismic unit SU 
2 (labelled in orange on Figs. 2.2 and 2.3). The internal reflectors of this unit are of intermediate 
to strong amplitude, partly chaotic and often of low continuity. Many internal truncations and 
onlaps make internal correlations difficult. The base of SU 2 is regionally concordant to the 
underlying reflectors (Figs. 2.3a and b), showing regular minor displacement by extensional faults 
rooted to the rift grabens. The entire unit, which is following the folding of the basement and SU 
1, is more than 0.5 s TWT thick in the south of line BGR11-208 and thins out towards the north 
and the west, where it loses its chaotic character (Figs. 2.2c and d). West of the diapir-like structure, 
SU 2 forms a wedge similar to SU 1. The chaotic facies within SU 2 can be interpreted as reflecting 
gravity deposits (Price, 1979a) with a complex internal stratigraphy similar to that documented 
and described by Dunlap et al. (2010). The top of SU 2 is labelled in red on Figures 2.2 and 2.3. 
This marker horizon approximates an internal reflector within the lowermost Palaeocene around 
20m above the BTU (The Shipboard Scientific Party, 1980b). 
The Cenozoic seismic unit SU 3 displays very heterogeneous reflection characteristics 
ranging from low to high amplitude; most reflectors are sub-parallel to parallel, but difficult to 
correlate over distance. The yellow, light green, dark blue and beige horizons within SU 3 
document this complexity (Figs. 2.2e and f). As shown by the horizon interpretation, the Cenozoic 
succession is regionally onlapping the BTU from south to north (Figs. 2.2c and d). Westward 
progradational reflectors are observed on line BGR11-202 (Figs. 2.3a, b and d). Strong amplitude 
anomalies with associated truncation and onlaps, which can be seen on line BGR11-208, seem to 
be associated with underlying folds (Figs. 2.2c, d, e and f). Numerous other onlaps and truncations 
can be seen at this interpretation level, in particular in the area of the Agadir Canyon. The diapir-
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like structures in the eastern study area show at their top high amplitude reflectors which are 
onlapped by reflectors internal to SU 3 (Fig. 2.4).  
Much of the bathymetric topography of this area can be linked to the deformation observed 
in the subsurface. Farther offshore, the deformation seems to be more limited to extensional 
faulting affecting all deeper-seated units as well. An exception is a high-amplitude reflector that 
cross-cuts other seismic reflectors in the western part of line BGR11-202 (Fig. 2.3d). It seems to 
be attached to a narrow vertical seismic anomaly interpreted as a volcanic intrusion feature. Other 
high amplitude reflectors, dominantly embedded in the reflector packages of SU 1 and 3 in the 
western part of line BGR11-202 (Figs. 2.3c and d), are also interpreted as magmatic intrusions 
(Holik et al, 1991). 
 
Interpretation: Basement and half graben structures   
Numerous half grabens can be observed on line BGR11-202 (Fig. 2.3). These structures 
characterize the entire profile apart from the easternmost 80 km, where the seismic image 
deteriorates in the deeper part due to the subsurface presence of salt. The half grabens on line 
BGR11-202 are particularly well expressed in the central part of the area. They are between 3 and 
8 km wide and bounded by westwards dipping extensional faults that seem to extend down into 
the acoustic basement and displace the dark green reflector. It can be argued that some of the 
extensional faults merge into the dark green reflector. Line BGR11-208 is oriented sub-parallel to 
the extensional faults and therefore is not well suited for the characterization of the half grabens. 
A striking feature on line BGR11-202 is a prominent structural high that divides the central part 
of the line into two segments (Fig. 2.3f). The strong amplitude seismic facies of the structural high 
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is also imaged in the southern part of line BGR11-208, suggesting a coast-parallel trend. Its general 
location west of the salt basin, the inferred north-south orientation and the high amplitude nature 
of the reflectors suggest that this structural high might belong to zone 2 identified by Roeser et al. 
(2002), who proposed the presence of oceanic crust at this location. In fact, line BGR11-208 shows 
several basement faults and fractures, one of which is interpreted to deeply cut into the acoustic 
basement (Deformation zone D on Fig. 2.2f). This basement fault has a direct relationship with an 
anticlinal fold located above. The latter is part of a series of deep-water folds which, according to 
Tari & Jabour (2011), are aligned in a general WNW-ESE trend (Fig. 2.1a). This orientation is 
roughly perpendicular to the coast line and does not follow at all the margin rifting and break-up 
direction. It could rather correspond to the direction of a fault system related to an oceanic fracture 
zone accommodating the strike-slip motion of a distant transform fault active during the Jurassic.  
The data of this study does not indicate any seaward dipping reflectors though the high amplitude 
reflectors at the basement top may suggest volcanic bodies in the fill of the half grabens (Fig. 2.3e 
and f). 
East of the structural high, the half grabens comprise a syn-tectonic fill which is interpreted 
to be of mixed volcanic and sedimentary composition (Fig. 2.3f). This interpretation is in analogy 
to outcrop observations of Triassic to Liassic syn-rift structures in the onshore Essaouira Basin 
(Fig. 2.1a) that contain clastics, basalts and evaporites (Hafid, 2000). The high amplitude, chaotic 
to sub-continuous reflectors at the base can be interpreted as potential volcanic flows, and the more 
continuous reflectors of lower amplitude at the top as sediments forming eastward thickening 
wedges. West of the structural high, the wedge-shaped infill of the half grabens is as large as in 
the east, but seem to be composed mostly of potential volcanics (Fig. 2.3e). In addition, a distinct 
separation between the syn-tectonic volcanic wedge and the onlapping post-tectonic sediments can 
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be observed. This difference may be due to the prominent palaeo-high damming the sediments on 
the continental side, leaving sediment-starved half grabens on the nascent ocean side. However, 
the reflectors which are involved in the syn-tectonic wedge east of the high are of the same relative 
stratigraphic age (from top down) as the post-tectonic reflectors west of it (Fig. 2.3f). This indicates 
that extensional tectonics might have lasted longer on the continental side of the high than in the 
basinward portion. 
The high amplitude reflectors interpreted as volcanics seem to increase westwards (Figs. 
2.3c and d). Here, syn-tectonic wedges cannot be clearly identified, leading to the assumption that 
the half grabens have been filled up by onlapping sediments after the extension had stopped. No 
seaward dipping reflectors can be identified. However, one particular very continuous high 
amplitude reflector within seismic SU 1 (labelled in purple on Fig. 2.3b) is located in this western 
(volcanic?) domain and extends towards the east, where it is concordantly embedded into the post-
tectonic sediment strata for more than 50 km (Figs. 2.3a and b).  
 
Interpretation: Deep-water folds 
While line BGR11-202 is particularly well oriented for an analysis of the rifting history 
due to its margin-perpendicular trend, line BGR11-208 (Fig. 2.2c) shows an exceptional record of 
the post-rift tectonics. On this line, seismic unit SU 1 presents a mostly uniform thickness, but 
seismic units SU 2 and 3 exhibit a major thinning towards the north. The BTU can be clearly 
identified on line BGR11-208. This line also shows a number of gentle anticlines with a regular 
wavelength of approximately 20 to 30 km. In all cases, these anticlines are associated with faults 
that can be observed extending down to the acoustic basement. The anticlines are mostly 
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symmetrical and, according to Tari & Jabour (2011), show an orientation roughly perpendicular 
to the line (WNW-ESE; Fig. 2.1a). Many anticlines are associated with a geometric anomaly in 
the above reflectors (Figs. 2.2e and f). We interpret these high amplitude oblique reflectors as low-
angle extensional faults which are sub-parallel to the seismic line. These faults are clearly 
truncating the footwall, and are onlapped by hanging wall strata. These fault reflectors are 
generally less than 0.3 s TWT in vertical section and die out in a detachment surface at their bases. 
The normal faulting associated with these structures is interpreted to be related to gravitational 
processes reacting to uplift.  
On line BGR11-202, distinct deformation areas have been defined (Fig. 2.2d) based on the 
anticlines and gravity-driven faults observed. Table 2 shows a scheme for the relative timing of 
deformation for these different areas, based on the spatial relation of each structure to the overlying 
and surrounding strata, an analysis of thickness variations, reflector terminations and 
unconformities within SU 2 and 3. While the orientation of line BGR11-208 is very favourable for 
the characterization of the deep-water anticlines, the line is sub-parallel to the gravity faulting 
directions, which complicates the interpretation of the overburden. An estimation of the onset of 
deformation in context of the temporary absence of sedimentation related to the BTU is difficult. 
The thickness variations of Cenomanian sediments (SU 2) at deformation areas A, C and D in the 
northern and central part of line BGR11-208 could indicate deformation during Cenomanian times 
(syn-tectonic sedimentation). However, the observed stratal thinning could also result from a post-
depositional reworking of Cenomanian sediments at shallow burial depth at later times. Due to the 
lack of a post-Cenomanian sedimentary record, “later” could also be in Early Palaeocene time. 
Therefore, the estimate of the deformation initiation is highly uncertain for deformation areas A, 
C and D. In the south (Fig. 2.2e), the deformation of the Cenomanian is clearly post-depositional, 
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which is likely to also be valid for most of the Palaeocene. A generally more continuous Cenozoic 
sedimentation provided a better record of the deformation and makes its dating less ambiguous 
(Table 2.2). It is noteworthy that several areas of deformation are still (or again) active, as indicated 
by the deformation of modern sediments and an associated modern bathymetric expression. At the 
location of line BGR11-208, the present day position of the Agadir Canyon might be controlled 
by these deformation areas. 
 
 
Table 2.2: Observations and proposed timing of deformation along line BGR11-208. 
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The orientation of the gravity-driven normal faults, which formed contemporaneously with 
folding, is difficult to estimate without denser seismic data. Most faults appear to be approximately 
fold axis-parallel (WNW-ESE; deformation areas B, C and I) but it is also possible that, in places, 
fault planes could be sub-parallel to the seismic line (NNE-SSW; deformation areas F and G). 
Within SU 1, the faults associated with the folds show a displacement which is exclusively normal 
in the WNW-ESE direction (line BGR11-202; Figs. 2.3a and b). In NNW-SSE direction (line 
BGR11-208; Figs. 2.2c and d) both apparent extensional (in the north; deformation areas A and 
B) and compressional (in the central part and the south; deformation areas E, G and F) faults are 
present.  
Another particularity on line BGR11-208 is a discrepancy between the present day 
northward increasing bathymetry from less than 3000 m to more than 4000 m, and the southward 
thickening of the Upper Cretaceous and the bulk Cenozoic succession (Figs. 2.2c and d). In the 
south, thick Cenozoic mudstones (DSDP 415) are in an elevated position, while the thinner 
northern sediments are mostly composed of turbidites (DSDP 416). The Upper Cretaceous thins 
from approximately 500 m in the south (DSDP 415) to virtually zero in the north (DSDP 416). 
The chaotic seismic character due to the occurrence of mass-transport complexes disappears at the 
northern edge of the line. The remaining part of the Mesozoic succession is of constant thickness. 
 
Interpretation: Salt structures 
The pink high amplitude reflectors identified in SU 3 in the eastern part of line BGR11-
202 (Figs. 2.3a, b) are interpreted as top salt. The seismic signal is poor below these salt bodies, 
and therefore subsalt structures are not recognizable on this line. Line SHM99-03 (Fig. 2.4b) is   
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Figure 2.4: Enlargements into lines BGR211-202 (a: non-interpreted, c: interpreted and e: sketch) 
and SHM99-03 (b: non-interpreted, d: interpreted and f: sketch). 
 
located approximately 10 km farther south. Thus it can be assumed that lines BGR11-202 and 
SHM99-03 show the same salt bodies. The salt body on line SHM99-03 is clearly superposed onto 
sediments, and therefore can be identified as a canopy located on top of the BTU (Figs. 2.4c, d, e 
and f). Below the canopy, the reflectors show significant deformation, and toplap truncations mark 
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local erosion associated with the BTU. The canopy seems rooted in the east, but the deformation 
suggests that there might be at least one secondary feeder or salt weld. Sediment thickness 
variations due to salt movement can be seen both in the deeper part of the basin and adjacent to 
the canopy. A steep angle geometric anomaly is located west of the apparent salt feeder in SU 1 
of line SHM99-03 (Figs. 2.4d and f). This feature is interpreted as an overturned slab resulting 
from the salt extrusion process as e.g. discussed by Graham et al. (2012). Cenozoic sediments are 
regionally onlapping the unconformity and locally the canopy. 
  
Discussion 
In continental Morocco and along the Moroccan Atlantic margin, a general slowdown of 
sedimentation rates in the Late Cretaceous and a long gap in the sedimentary record towards the 
Cenozoic is observed (Société Chérifienne des Pétroles, 1966; Bhat et al., 1975). The related BTU 
can be observed in wells DSDP 415 and 416 (Figs. 2.2a and b) and on lines BGR11-208 (Fig. 2.2c) 
and BGR11-202 (Fig. 2.3a). Its considerable extent suggests that this hiatus might be related to a 
regional geodynamic event. In northwestern Africa, it is tempting to attribute most Late Cretaceous 
perturbations to the collision involving the African and European plates and the related Atlas 
orogeny (e.g., Frizon de Lamotte et al., 2000). Tari & Jabour (2011) propose the Atlas orogeny as 
the origin of the deep-water anticlines (Figs. 2.1a, 2.2c, d, e and f). The related compression might 
have also influenced salt tectonics in the onshore Essaouira basin and in the offshore prolongation 
of the Atlas (Hafid, 2000; Hafid et al. 2000, 2006; Fig. 2.1a). Price (1979b) related the deposition 
of Cenomanian mass-transport complexes, corresponding to unit SU 2 of this study, to epiorogenic 
uplift and a resulting slope instability. In his palaeo-environmental and palaeo-tectonic map, a 
subtle reference to a Cenomanian unconformity and potential submarine erosion to the north (at 
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the approximate position of DSDP 416) is made. However, in the following we will discuss the 
diachrony of the hiatus represented by the BTU, the observed sediment thickness variations and 
the other considerable geological differences between the northern and southern study area, which 
weaken the argument of an exclusively orogeny-related control of the tectonic-stratigraphic 
development offshore Essaouira. 
 
 
Figure 2.5: Chronostratigraphic plot along line BGR11-208 showing deformation areas A to I 
(orange), depositional (black) and non-depositional (gray) periods of wells DSDP 415 and 416 
and approximate postulated timing of intrusions (Holik et al., 1991).The blue line shows the 
interpreted Base Tertiary Unconformity trend. 
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The influence of the regional hiatus and BTU on salt tectonics 
In the north of the study area around well DSDP 416, the observed depositional hiatus 
between the Cretaceous and the Cenozoic spans about 40 Ma (presumably from the Cenomanian 
to the End of Cretaceous), and the BTU is overlain by a reduced succession of Palaeocene, which 
might indicate a second gap in the sedimentary record of Palaeocene age (Figs. 2.2b and 2.5). In 
the south of the study area at well DSDP 415, the Late Cretaceous hiatus spans possibly 20 Ma 
(presumably from the Coniacian to End of Cretaceous; see Figs. 2.2a and 2.5). Whatever event 
caused the perturbations in the sedimentary record, it can be interpreted that its consequences have 
been recorded first in the north before propagating to the south. I.e. while this event triggered the 
development of a post-Cenomanian unconformity in the north, it seems to have caused in the south 
firstly a slowdown of the sedimentation rate during the Middle to Late Cretaceous (Coniacian?), 
before leading to non-deposition. This indicates a possible delay of up to 20 Ma in the effects of 
the (diachronous) geodynamic event causing the BTU (Fig. 2.5). 
In the northern part of the offshore Essaouira Basin (Fig. 2.6a), the salt canopy on lines 
BGR11-202 (Figs. 2.3 and 2.4a) and SHM99-03 (Fig. 2.4b) shows evidence of salt extrusion onto 
the BTU. Our interpretation is that the submarine extrusion could have taken place as early as in 
the Cenomanian, but possibly during the Late Cretaceous to Early Palaeocene, when a declining 
sedimentation rate was exceeded by the diapir rise rate. Another influencing parameter for salt 
extrusion could have been the onset of the Atlas orogeny. The base of the canopy is rather flat, 
which indicates either a single phase of extrusion, or a poly-phased extrusion without sufficient 
sedimentation to record the individual pulses. The canopy was most likely remobilized after 
extrusion due to loading. Other seismic examples from the northern offshore Essaouira Basin show 
even more evidence of past salt extrusion, as can be seen from Figure 2.6b, which shows two salt 
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Figure 2.6: Geodynamic synthesis of the study area with postulated hotspot track and Canary 
Island volcanic dating (modified from Holik et al., 1991; Carracedo, 1998), deep-water anticlines 
(modified from Tari & Jabour, 2008 and 2011), salt distribution and segmentation (modified from 
Tari & Jabour, 2013), and synthetic salt examples from north to south: Salt-poor canopy (line 
SHM99-03; a), welds (inline 1480 PSTM; Tari & Jabour, 2013; b), salt-rich canopies (line 
A99TAF-004 PSDM; Jabour & Tari, 2007; c) and diapirs (Serica Energy, 2012; d). 
  
Page | 81  
 
welds and one small remnant salt canopy. Significant deformation recorded in the surrounding 
sediments is a clear indicator that in this area salt has been actively rising through the overburden. 
This salt is hardly preserved any more at present day. Farther south, the Ras Tafelnay Plateau (Fig. 
2.6c) is dominated by sutured canopies (e.g., Jabour & Tari, 2007; Tari & Jabour, 2013). The 
extrusion process seems to have been perturbed by concurrent sedimentation, and the stair-stepped 
base of the canopies indicates several pulses of extrusion during Late Cretaceous to Palaeocene, 
which could have led to a better conservation of the extruded salt.  In the Agadir Basin (Fig. 2.6d), 
where the Late Cretaceous sedimentation is interpreted to be more continuous and the Upper 
Cretaceous sequence thicker, the salt tectonic style is dominated by diapirs and salt walls (Tari & 
Jabour, 2008; Serica Energy, 2012), with associated overburden deformation. No evidence of salt 
extrusion can be observed and the salt is still in its rising phase at present day, competing with 
sedimentation. 
The above observations show that the study area is further characterized by different salt-
tectonic maturity stages ranging from diapir to canopy to weld structures (from south to north). 
One of the controlling factors for this difference could be the northwards increasing duration of 
the BTU hiatus as interpreted from wells DSDP 415 and 416. The difference in the magnitude of 
post-extrusional salt remobilization between the northern canopies, which show little 
remobilization (Figs. 2.6 a and b), and the intensively remobilized southern canopies (Fig. 2.6c) 
can in turn reflect variations in the southwards thickening Cenozoic overburden (Figs. 2.2c and d), 
the difference in the proximity to the Atlas deformation front or also be related to the duration of 
the BTU hiatus, which allowed more time for the northern canopies to extrude and dissolve. A 
prolonged contact with the sea water could have resulted in increased salt dissolution and the 
formation of a harder cap rock, ultimately hampering salt remobilization.  
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Figure 2.7: Late Cretaceous to Cenozoic geodynamic evolution of the Moroccan Atlantic margin 
offshore Essaouira, with focus on the formation of the BTU and the deep-water folds (left column) 
and the salt tectonic evolution (right column). The figure is meant to be synthetic and not to scale. 
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A sketch of the evolution of the salt structures offshore Essaouira, their north-south 
variation and the contemporaneous tectonic evolution of the outer continental margin is shown on 
Figure 2.7. Salt is assumed to have risen in form of diapirs or salt walls since the Middle Jurassic 
(Fig. 2.7a). With decreasing sedimentation rates and ultimately a sedimentation hiatus, the salt 
might have extruded onto the BTU as early as during Cenomanian times in the northern offshore 
Essaouira Basin (Fig. 2.7b). Due to more continuous sedimentation in the southern offshore 
Essaouira Basin, the emplacement of salt canopies might have occurred later, possibly aided by 
the Late Cretaceous onset of the Atlassic orogeny (Fig. 2.7c). However, the salt extrusion process 
might have been complicated by sedimentation, resulting in the preservation of the salt canopies. 
The salt canopies of the northern offshore Essaouira Basin were possibly exposed at the sea floor 
and, hardly buried, dissolved forming a cap rock. Whereas the canopies in the northern offshore 
Essaouira Basin might have been only moderately remobilized, the Cenozoic burial and the main 
Atlassic compressional phase resulted in a massive remobilization of the salt canopies in the 
southern offshore Essaouira Basin (Fig. 2.7d), in particular in the area of the Ras Tafelnay Plateau. 
At the same time, the salt diapirs and salt walls of the Agadir Basin rose without any sign of 
extrusion, which continues until today (Figs. 2.6d and 2.7e). In the southern offshore Essaouira 
Basin (Figs. 2.6c and 2.7e), massive preserved salt can be seen, whereas in the northern offshore 
Essaouira Basin (Fig. 2.6a, b and 2.7e), salt weld structures or only remnant canopies are observed. 
This documents that the duration of non-deposition during BTU times can be possibly regarded as 
an important control for salt tectonics in the study area potentially interacting with the compression 
of the Atlas orogeny (Hafid, 2000; Hafid et al., 2000, 2006).  
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The origin of the deep-water folds and their diachrony 
Anticlinal structures in the onshore Essaouira Basin (Fig. 2.1a) have been attributed to the 
Atlas orogeny (e.g., Hafid, 2000), and a similar origin is proposed for the deep-water folds in the 
outer margin beyond the offshore salt basin (Fig. 2.1a; Tari & Jabour, 2011). However, the WNW-
ESE orientation of the deep-water folds as proposed is oblique to the mainly NE-SW to ENE-
WSW fold trend in the coastal area and shallow waters around Essaouira (Figs. 2.1a and 2.8). 
 
Figure 2.8: Structural synthesis of the study area (modified from Tari & Jabour, 2008 and 2011) 
with seismic figure locations, observed and idealised structural trends and structural domains 
 
Line BGR11-202 (Fig. 2.3a) does not image extensional faults in its landward part below 
salt, but these structures can be identified in the outer margin around the intersection with line 
BGR11-208 and farther west (Figs. 2.2c, d, e and f). Here, the approximately margin parallel 
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extensional faults show signs of reactivation, as their upper tips commonly reach into the Cenozoic 
sedimentary succession. However, the reactivation of these extensional faults appears rather 
limited, as neither reverse faulting nor half graben inversion can be observed on line BGR11-202 
(Fig. 2.3). This is opposed to the onshore Essaouira Basin, where the reactivation of syn-rift faults 
resulted in inverted half grabens and prominent anticlines (e.g., Amsittene anticline; Tari & Jabour, 
2011). In the generally north-south compressive environment of the beginning Atlas orogeny, the 
reactivation of such pre-existing extensional, margin parallel rift-related faults could result in a 
transpressional strike-slip movement, potentially associated with the growth of margin-parallel 
folds. The observed deep-water anticlines, however, trend WNW-ESE, i.e. almost perpendicular 
to any extensional structure (Fig. 2.8). Their orientation suggests that the associated basement 
faults are rather related to an oceanic fracture zone accommodating the strike-slip motion of a 
transform fault dating from Jurassic times. 
The formation of the deep-water folds offshore Essaouira was associated with gravity 
driven extensional faulting (Figs. 2.2c, d, e and f). Figure 2.5 provides a chrono-stratigraphic plot 
with the deformation at section locations A to I, based on the interpretation of the relative timing 
of events provided by Table 2.2. The initiation of the sediment deformation shows a general north-
south trend: In the north, the deformation is interpreted to have started during the Late Cretaceous 
to Palaeocene, possibly beginning in the Cenomanian. The rather high uncertainty of timing is due 
to the influence of the BTU, as Upper Cretaceous sediments, which could have potentially 
recorded the deformation initiation in more detail, are lacking. The deformation propagated 
southwards, where it probably started in the Early to Middle Eocene (deformation areas F to I). In 
the south, the timing of the initiation and cessation of deformation are much more constrained due 
to the generally more continuous sedimentation and a distinct Palaeocene sedimentary record. The 
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proximity to the major basement fault of deformation area D (Fig. 2.2f) could be the reason why 
deformation might have started earlier in areas C, D and E and is still ongoing in C and D (Fig. 
2.5). Less Cenozoic sediment cover in the north, as opposed to the south, also might have 
facilitated a longer-lasting sediment deformation in the north. 
 
The influence of the Canary Island hotspot on the Atlantic margin of Morocco 
A hotspot origin for the formation of the Canary Island archipelago was proposed by 
several authors, with a postulated north-south motion (Holik et al., 1991; Carracedo et al., 1998, 
2002). Hoernle & Carracedo (2009) present near-parallel trends for the Madeira and Canary 
Islands hotspot tracks, rather suggesting a relative motion of the African plate from south to north 
above fixed mantle anomalies. However, recent dating by van den Boogard (2013) seems to be in 
discrepancy with a simple linear hotspot track. Holik et al. (1991) suggested the presence of the 
hotspot at about 60 Ma in the northern study area and at about 50 Ma at the approximate location 
of well DSDP 415 (Fig. 2.6). As shown on the chronostratigraphic plot on Figure 2.5, the first 
emplacement of volcanic intrusions and the initiation of sediment deformation (resulting in the 
formation of the deep-water folds) are suggested to have occurred both during Late Cretaceous to 
Early Palaeogene, propagating to the south with a rather constant velocity (approximately 100 km 
/ 10 Ma). The general southward trend and positioning of the hot spot (Fig. 2.5) coincides with the 
timing of a Palaeocene (DSDP 416; Fig. 2.2b) and Eocene to Early Miocene (DSDP 415; Fig. 
2.2a) apparent hiatus. Laterally truncated reflector packages and a normal gravity fault on the 
seismic data at the location of DSDP 415 (Fig. 2.2c and d) indicate that this depositional gap might 
as well result from erosional or gravitational processes, as suggested for the adjacent deformation 
area I (Fig. 2.2e). Similarly, the reduced Palaeocene in DSDP 416 could also be interpreted as 
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incomplete due to submarine erosion accompanying localized uplift, rather than condensed. The 
diachronous folding trend documented above shows the same southwards direction and similar 
propagation velocity as the BTU (Fig. 2.5). However, with respect to absolute timing, there is a 
time discrepancy of approximately 40 Ma. 
The today northwards increasing bathymetry of the study area, which is also reflected in 
the top basement depth, seems to be in disagreement with the distribution of the Late Cretaceous 
and Cenozoic sediments that show a southwards thickening wedge (Figs. 2.2c and d). The 
assumption can be made that the slope imaged by the coast-parallel line BGR11-208 has been 
inverted in the past, with an elevated seafloor in the north. Following the line of arguments that a 
hotspot influenced the study area from Late Cretaceous to recent times (Fig. 2.6), potential palaeo-
slope changes could be explained by the hotspot motion (relative to the African plate). The hotspot, 
approaching from the north, might have first led to regional uplift of the lithosphere and a general 
tilting, possibly already during the Cenomanian (Fig. 2.7b). Coming closer to the study area, it 
could have triggered the reactivation of the basement faults associated to the oceanic fracture zone 
system, with faults potentially acting as conduits for magma to reach shallower depths intruding 
into unconsolidated sediments. A possibly transpressional fault reactivation within an overall 
compressional stress regime of the continental collision could have resulted in folding and 
associated gravitational tectonics (Fig. 2.7c). The hotspot could have then progressively moved 
southwards (Fig. 2.7d), creating a similar volcanic intrusion and sediment deformation pattern. At 
the time the hotspot migrated to its present day location under the Canary Islands, the northern 
Morocco margin cooled down and subsided, resulting in the reverse tilting (Fig. 2.7e). 
Thus, it seems likely that folding, faulting and the development of the partly discordant 
stratigraphy of the study area were influenced - in addition to the overall compression due to the 
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Atlas orogeny - also by the relative southward bypass of the Canary Island hotspot. If this caused 
regional lithospheric uplift and differential tilting, this process could have been the main control 
for the development of the prominent, but not time-equivalent unconformities observed in wells 
DSDP 416 and 415, differences which are interpreted to have potentially influenced the dynamics 
of salt tectonics along the Moroccan Atlantic margin. 
 
Conclusions 
Reactivation of pre-existing basement faults and folding of the shallow sediments and 
associated normal gravity faulting is interpreted to have occurred during the Late Cretaceous and 
Early Cenozoic in the outer Atlantic margin offshore Essaouira, Morocco. The WNW-ESE 
orientation of these deep-water folds is neither in accordance with the onshore “Atlassic” 
deformation nor with extensional faulting directions related to margin rifting and break-up (Fig. 
2.8). It can be assumed that the reactivated basement faults are related to an oceanic fracture zone 
formed during the ocean spreading in Jurassic times. It is therefore suggested that the formation of 
the deep-water folds offshore Essaouira is genetically different from folding in the coastal and 
shallow water area, and that onshore anticlines cannot necessarily serve as direct analogues for the 
deep-water folds.  
The seismic and well interpretations presented indicate that fault reactivation leading to the 
formation of the deep-water folds started during the Late Cretaceous to Palaeocene in the north of 
the study area, and migrated through time towards the south, with a propagation velocity of 
approximately 100km/10Ma (Fig. 2.5). Volcanic intrusions follow a similar north-south tempo-
spatial trend, and seem to have accompanied fault reactivation. These intrusions are proposed to 
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be generated by the southwards migrating Canary Island hotspot (Holik et al., 1991, Fig. 2.6). 
Finally, a comparable southwards diachrony can be observed for the Base Tertiary Unconformity 
(BTU). A potential tempo-spatial relationship of these three events could be explained by the 
bypass of the Canary Island hotspot from north to south near the study area. The migrating hotspot 
might have triggered an early regional uplift in the northern study area followed by locally more 
pronounced uplift above the centre of the hot spot, resulting in the reactivation of basement faults 
as well as associated volcanic intrusions and shallow sediment deformation (Fig. 2.7).  
It can be finally proposed that the BTU, associated with a Late Cretaceous to Palaeocene 
hiatus, had a major influence on the salt tectonics in the Atlantic margin of Morocco. The slowing 
of sedimentation rates and potential non-deposition is interpreted to have favoured salt extrusion. 
A north-south variation in salt tectonic styles, and resulting salt richness (Fig. 2.6) can be likely 
linked to the duration of this event. The northern part of the Atlantic margin offshore Safi, where 
the hiatus is the longest, shows only a little amount of conserved salt, and a quite random alignment 
of salt structures. In the central part immediately offshore Essaouira, more continuous 
sedimentation can be interpreted to have acted against salt extrusion resulting in a better 
preservation of slope-perpendicular and locally merged salt canopies. In the south offshore Agadir, 
salt extrusion might not have occurred at all, and the salt structures here are either sub-circular 
diapirs or salt walls aligned along rift fault directions.   
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Chapter 3 - Source Rock Maturation and Hydrocarbon Charge Modeling of 
the Atlantic Margin Offshore Essaouira (Morocco) 
 
 
Abstract 
Recent exploration wells in the frontier deep water of the Atlantic margin offshore 
Morocco have failed to find petroleum reservoirs. However, numerous hydrocarbon shows, a 
variety of different potential traps related to salt tectonics and folding, and successful exploration 
at the conjugate Atlantic margin of Nova Scotia are encouraging. Consequently, the Atlantic 
margin offshore Morocco retains the interest of international oil companies. 
Recently acquired 2D seismic reflection data (MIRROR 2011 experiment) were utilized 
for regional basin modeling to investigate the temporal evolution of temperature and thermal 
maturity within the passive margin. The thermal modeling took into account the geodynamic 
evolution from Mesozoic rifting to major Cenozoic tectonic events related to the nearby Canary 
Island hotspot and the Atlas orogeny. A structural restoration of the salt basin was carried out that 
accounts for sediment deformation related to salt withdrawal. Based on the resulting structural 
scenario, petroleum systems modeling was performed to develop possible scenarios of source rock 
maturation, hydrocarbon expulsion, migration, and accumulation in the context of the salt 
deformation through geologic time. This work focuses on petroleum systems elements (source, 
reservoir, seal and overburden rocks) and the hydrocarbon generation-migration-accumulation and 
trap formation processes of different yet unproven petroleum systems. Promising salt-related and 
other play types have been identified. 
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Introduction 
The Atlantic margin offshore Essaouira (Fig. 3.1) is a frontier area where hydrocarbon 
exploration is still in its early stages. Regional 2D and local 3D seismic coverage exists in the 
offshore part of the margin, but only a few wells have been drilled. Salt tectonics further complicate 
understanding of the geology (Tari et al., 2000; Tari and Jabour; 2008; Davison and Dailly, 2010; 
Tari and Jabour, 2013; Neumaier et al., 2015). Research wells DSDP 370, 415, and 416 (Lancelot 
and Winterer, 1980a) were drilled in deep water, while most industrial wells were drilled in 
shallow water or onshore. Several small oil fields producing from Triassic and Jurassic formations 
exist in the onshore Essaouira Basin (Broughton and Trepanier, 1993; Hafid, 2000). Farther south, 
previous exploration resulted in the shallow water Cap Juby heavy oil discovery (Morabet et al., 
1998). Recent drilling nearby this discovery found another heavy oil accumulation within low-
quality reservoirs (Juby Maritime-1; Rigzone, 2014a), and other oil discoveries have been made 
in the Upper Jurassic (Sidi Moussa-1, Rigzone 2014b). However, deepwater exploration wells 
(Shark B-1, Amber-1, RAK-1, Foum Draa-1 and Foum Assaka-1) failed primarily due to a lack of 
commercial reservoirs (Tari et al., 2012; Offshore Magazine, 2013; Subsea World News 2014).  
The conjugate margin of Nova Scotia has been extensively explored and holds several oil 
and gas discoveries and fields (e.g., Kidston et al., 2005; Tari and Molnar, 2005; Baur et al., 2010; 
Baur et al., 2011; Luheshi et al., 2012; Tari et al., 2012). Because it shares the Triassic to Early 
Jurassic rifting history with the Moroccan Atlantic margin, this margin is an important analog for 
possible source, reservoir and seal rocks in the Triassic to Jurassic section (Tari and Molnar, 2005; 
Fig. 3.2). 
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Figure 3.1:Structural and thermal synthesis of the study area. 
(a) Structural synthesis (modified from Tari and Jabour, 2008) with location of data used for 
the modeling (line BGR11-202) and well-tie (DSDP wells 415 and 416, line BGR11-208).  
(b) Extrapolated thermal gradient map (Zarhloule, 2003) and heat flow measurements 
(Villinger, 1984; International Heat Flow Comission, 2011). 
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This paper discusses the structural and thermal evolution of the Moroccan Atlantic margin 
and implications for hydrocarbon exploration. Whereas a recent publication by Tari et al. (2012) 
investigates the possible reservoir distribution, this paper emphasizes source rock maturation, 
hydrocarbon charge, and timing in the context of the structural evolution. This is based on seismic 
reflection data (Figs. 3.3 a, b, c and 3.4), comparison of outcrop and seismic analogues, 2D 
structural restoration, and 2D basin and petroleum systems modeling. The regional structural 
model (along line BGR11-202; Figs. 3.1 and 3.3c) has been used for basin modeling to propose 
possible thermal and source rock maturity scenarios through geologic time. A petroleum systems 
model for the salt basin is presented as a refinement of the regional basin model. This model is 
located along line BGR11-202 (Fig. 3.4a, c); however, the subsalt interpretation was strongly 
influenced by information from the nearby line SHM99-03 (Fig. 3.4b, d). The possible tectonic 
evolution of the salt basin was investigated by structural restoration. Hydrocarbon generation, 
expulsion and migration were simulated in the context of dynamically deforming salt and traps. 
The possible distribution and effectiveness of source, reservoir, and seal rocks in the context of 
trap formation and the timing of hydrocarbon generation and accumulation is discussed for 
different unproven plays. These plays involve salt-related traps in the salt basin (Fig. 3.4) and 
deep-water folds on the outer margin (Fig. 3.3a, b). 
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Figure 3.2: Stratigraphy of the study area and the conjugate Atlantic margin of Nova Scotia 
(modified from Tari and Molnar, 2005). 
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Geologic setting 
Structural setting 
The opening of the Central Atlantic Ocean during the Late Triassic to Early Jurassic (e.g., 
Lancelot and Winterer, 1980b; Ziegler, 1989) resulted in the formation of rift basins onshore and 
offshore Morocco. In the vicinity of the Atlas Mountains (onshore Essaouira basin and offshore 
Ras Tafelnay Plateau; Fig. 3.1), Mesozoic syn-rift faults were reactivated during Cenozoic 
compression, resulting in inverted half-grabens and folds (Hafid, 2000; Hafid et al., 2000; Hafid 
et al., 2006). Due to the effect of the salt canopies on seismic quality, rifting-related extensional 
structures cannot be observed in the offshore salt basin on seismic line BGR11-202 (Fig. 3.3a). 
Numerous half-grabens, however, exist in the “outer margin”. The nature of the crust in the outer 
Moroccan Atlantic margin and the location of the continent-ocean boundary transition remain 
under discussion (Roeser et al., 2002; Maillard et al., 2006; Klingelhöfer et al., 2009; Jaffal et al., 
2009; Day and Hilton, 2011). 
The Base Tertiary Unconformity (BTU; Fig. 3.3c) is the structural expression of a major 
regional hiatus between the Late Cretaceous and Paleocene. The duration of the hiatus decreases 
from the north (~40 Ma at well location DSDP 416; Lancelot and Winterer, 1980a) toward the 
south (~20 Ma at well location DSDP 415; Lancelot and Winterer, 1980a). The deepwater 
anticlines shown on Figures 3.1 and 3.3 are interpreted to have formed during the Paleogene by 
reactivation of existing basement faults due to the compression of the Atlas orogeny (Tari and 
Jabour, 2011). Neumaier et al. (2015) suggest a relationship of the basement fault reactivation with 
the relative northward motion of the African plate over the Canary Island hotspot. The authors 
point out that the deepwater anticlines become younger toward the south (Fig. 3.3a), approximately  
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Figure 3.3: Regional seismic lines and interpretation (Neumaier et al., 2015). For location, see 
Figure 1a. 
(a) Interpreted seismic line BGR11-208. 
(b) Enlargement from part of Figure 3.3a. 
(c) Interpreted seismic line BGR11-202. 
(d) Basin model based on line BGR11-202.  
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at the same time and at a similar velocity as the emplacement of volcanic intrusions (Holik et al., 
1991, Carracedo et al., 1998). 
The Moroccan Atlantic margin offshore Essaouira carries a strong imprint from salt 
tectonics (e.g., Hinz et al., 1982, 1984; Heyman, 1989; Hafid, 2000; Hafid et al., 2000, 2006, 2008; 
Tari et al. 2000, 2012; Jabour and Tari, 2007; Tari and Jabour, 2008, 2013; Davison and Dailly, 
2010; Neumaier et al. (in press); Figs. 3.1, 3.3, and 3.4). The effects of the Atlas orogeny (e.g., 
Frizon de Lamotte et al., 2000) on the salt tectonics can be seen in the onshore Essaouira Basin 
and the Ras Tafelnay Plateau (Hafid, 2000; Hafid et al., 2000; Hafid et al., 2006; Fig. 3.1). Tari et 
al. (2012) propose a regional segmentation of salt provinces in the Moroccan Atlantic margin, 
based on observations of segmentation in the conjugate margin of Nova Scotia. Tari and Jabour 
(2013) suggest that the present-day “salt richness” along the margin is mainly controlled by the 
structure of the underlying syn-rift basement. In addition, the duration of the Late Cretaceous to 
Paleocene hiatus recorded by the BTU could have played an important role for salt conservation 
or solution, with the general southward-increasing salt conservation coinciding with a decreasing 
hiatus duration (Neumaier et al., 2015). This change in preserved salt thickness could be due to 
more pronounced salt extrusion with subsequent dissolution in the north, whereas in the south 
more continuous sedimentation at higher rates might have prevented extrusion onto the seafloor 
and/or preserved the observed salt canopies by quick burial. This mechanism of hiatus-controlled 
salt extrusion could explain the maturity increase in deformation style from south to north, and the 
differences in salt thickness and tectonic styles along the Moroccan Atlantic margin from salt 
diapirs in the Agadir Basin (south) to massive canopies on the Ras Tafelnay Plateau and finally 
salt-poor canopies and weld structures in the northern offshore Essaouira and Safi Basins (north; 
Fig. 3.1).   
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Figure 3.4: Seismic lines within salt basin and interpretation (Neumaier et al., 2015). For location, 
see Figures 3.1a and 3.3c. 
BTU: Base Tertiary Unconformity 
(a) Extraction from seismic line BGR11-202 (Figure 3.3c). 
(b) Interpretation of Figure 3.4a. 
(c) Extraction from seismic line SHM99-03 
(d) Interpretation of Figure 3.4c. 
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Stratigraphy 
The stratigraphy of the Moroccan Atlantic margin is summarized in Figure 3.2. The 
basement of the onshore Essaouira Basin is composed of the Precambrian craton and Paleozoic 
metasediments. Outcrops of the Triassic syn-rift half-grabens, which are filled with clastics, 
basalts, and evaporites (Hafid, 2000), serve as an important analog for the offshore half-grabens. 
In the offshore areas of the Essaouira Basin, similar half-grabens probably occur below the salt, 
but are masked on the seismic data by the overlying salt. At well site DSDP 546 offshore 
Casablanca, core data document that rifting-related salt consists dominantly of halite of Rhaetian–
Hettangian age (Hinz et al., 1984). In the onshore Essaouira Basin, Jurassic post-rift sediments are 
mostly composed of limestones and dolomites, with some clastic intercalations (Hafid, 2000). 
Toward the west, the carbonate platform laterally changes into mudstones and marls, which 
potentially host turbidite sequences. In the Jurassic section of the outer margin, prominent seismic 
reflectors possibly indicating the presence of subsurface volcanics are observed on the regional 
seismic reflection data (purple reflector in Figure 3.3c). The Lower Cretaceous sequence offshore 
Essaouira comprises siliciclastic turbidite sequences, which have been drilled by well DSDP 416 
(Price, 1980). These units are also exposed along the Moroccan coast (Saadi et al., 1978) and on 
Fuerteventura Island (Steiner et al., 1998). During the Late Cretaceous, the sedimentation rate in 
the study area seems to have considerably decreased, resulting in clastic sediment starvation and 
development of an important hiatus (Neumaier et al., 2015). Therefore, the Upper Cretaceous is 
only partly present in the study area, bound at its top by the BTU. Late Cretaceous regional uplift 
probably played a key role in the distribution of Upper Cretaceous sediments and their regional 
pinchout toward the north. Cenomanian mass-transport complexes were observed by Price (1980) 
and Dunlap et al. (2010), suggesting that these sediments might have been transported over 
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hundreds of kilometers. Due to the BTU, other Upper Cretaceous rocks are not known from the 
offshore stratigraphy. The Cenozoic sediments are predominantly shale with interbedded turbidite 
units. In the deepwater transition zone, volcanic intrusions related to the emplacement of the 
Canary Islands are present within the Mesozoic and Cenozoic sediments (Holik et al., 1991). 
 
Present-day thermal field 
The thermal-gradient map, derived from temperature data measured in wells in the greater 
study area (Zarhloule, 2003; Fig. 3.1b) and heat flow measurements along the Moroccan Atlantic 
margin onshore and offshore Essaouira (Villinger, 1984; International Heat Flow Commission, 
2011; Fig. 3.1b) show major thermal perturbations. Despite sparse data and high uncertainty 
associated with the measurements, some trends can be observed. Thermal gradients in the 
Marrakech area are in the range of 20-25°C/km and increase westward to 30-35°C/km offshore 
Essaouira and Agadir. The seabed temperature at DSDP well 416 (Lancelot and Winterer, 1980a; 
Fig. 3.1) is 3.15°C (37.7°F), and the deepest measured point is 17.4°C (63.3°F) at a burial depth 
of 425 m (1394 ft). These values indicate an average thermal gradient of 33.5°C/km (18.4°F/1000 
ft) for the shallow sediments. Locally, the gradients can be in excess of 35°C/km and the heat flow 
is higher than 100 mW/m² due to high thermal conductivity of sub-cropping salt. Elsewhere 
onshore and in the shallow water margin, the heat flow values range from 55 to 73 mW/m², 
whereas very high heat flow values in excess of 90 mW/m² are observed in the deepwater domain. 
It can therefore be argued that in the Moroccan Atlantic margin the regional heat flow generally 
increases oceanward. As stated above, the location of the continent-ocean boundary and the nature 
of the crust offshore Morocco is not known. However, old passive margins tend to cool toward the 
ocean, due to less radiogenic heat production from progressively thinned to absent continental 
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crust. Measured heat flow values of “normal” old oceanic crust are in the range of 20 to 60 mW/m² 
(Allen and Allen, 2013). Therefore, the present-day thermal field observed along the Moroccan 
Atlantic margin shows a reversed lateral heat gradient. The westward heat increase is attributed to 
the Canary Island hotspot, and thermal inversion is thought to have started during the Late 
Cretaceous to Early Cenozoic (Holik et al., 1991, Carracedo et al., 1998). In the Norwegian part 
of the North Atlantic margin, a similar oceanward increase in heat flow trend caused by the 
presence of the Iceland hotspot has been observed (Breivik et al., 1999; Fernandez et al., 2005; 
Scheck-Wenderoth and Maystrenko, 2008, Maystrenko and Scheck-Wenderoth, 2009). 
  
Petroleum systems elements 
Source rocks 
In the onshore Essaouira Basin, Silurian black shales may have generated petroleum found 
in the Triassic and Oxfordian reservoirs of the Meskala gas field (Clifford, 1986). The origin of 
the oil found in Upper Jurassic carbonate reservoirs of the Cap Juby discovery and a recently 
drilled satellite accumulation (Juby Maritime-1; Rigzone, 2014a), as well as the source rock for 
oil in the Upper Jurassic Sidi Moussa discovery (Rigzone, 2014b) of the offshore Tarfaya Basin 
are still debated. The Cap Juby heavy oil reservoir is assumed to have been charged by Lower 
Jurassic carbonate source rocks (Morabet et al., 1998). Toarcian black shales have been reported 
in a transgressive carbonate platform setting on Fuerteventura Island (Steiner et al., 1998). Similar 
rocks were drilled offshore Casablanca by DSDP well 547 where they were determined to have 
total organic carbon (TOC) values of up to 8% (Hinz et al., 1984). The Oxfordian Sidi Rhalem oil 
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field in the onshore Essaouira Basin has been proven to originate from Lower Oxfordian shales 
having an average TOC of ~4.5% (Broughton and Trepanier, 1993). 
Thermally immature mudstones and siltstones within the Valanginian to Hauterivian 
turbidite sequences in well DSDP 416 contain organic matter of predominantly continental origin 
(Deroo et al., 1980) with low TOC content and hydrogen indices (HI). Deepwater Albian to 
Cenomanian shales outcrop along the coast and have been drilled by numerous offshore wells 
(Saadi et al., 1978; Morabet et al., 1998). These units show variable TOC values, with local 
maxima of 19%. Marls and limestones of Pliensbachian age outcropping in the Middle Atlas 
Mountains contain a mixture of types I and II kerogen (Sachse et al., 2012). Finally, the Upper 
Cretaceous and Cenozoic rocks of the onshore Tarfaya Basin contain thermally immature organic 
matter (Sachse et al., 2011). The Cenomanian source rocks have the highest TOC, in the range of 
15% to 20%, but organic matter is also found in the Turonian (5% to 9% TOC), Coniacian (1% to 
7% TOC), and Eocene units (up to 4.5% TOC). The Upper Cretaceous sedimentary succession 
observed onshore extends into the shallow-water part of the Moroccan continental margin. 
However, lateral truncations are reported from the margin slope (Wenke et al., 2011), so that the 
presence of the Upper Cretaceous source rocks in the deepwater part of the Tarfaya offshore basin 
is uncertain. 
Reservoirs and seal rocks 
Various thick, continuous deepwater marine shale units and allochthonous and 
autochthonous salt constitute promising seals in the study area. However, the main challenge for 
exploration at the offshore Moroccan Atlantic margin appears to be identification of effective 
reservoirs. None of the exploration wells in the deepwater Atlantic margin of Morocco (e.g., Shark 
B-1, Amber-1, Rak-1, Foum Draa-1 and Foum Assaka-1) encountered a viable reservoir in the 
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Cretaceous succession or above (Tari et al., 2012; Offshore Magazine, 2013; Subsea World News 
2014). However, the presence of Mesozoic and Cenozoic sequences along the margin is highly 
variable, most likely due to regional tectonic variations or significant differences in the salt-
tectonic style. 
Triassic fluvial sandstones have proven reservoir potential in the onshore Essouira Basin 
(Meskala gas field; Clifford, 1986). The Jurassic shelf is dominated by a large carbonate platform, 
and Upper Jurassic reservoirs of variable quality have been proven by the the Sidi Rhalem oil field 
and the Meskala gas field onshore Essaouira (Clifford, 1986; Broughton and Trepanier, 1993), the 
Cap Juby and nearby heavy oil discoveries (Morabet et al., 1998; Rigzone, 2014a) and the Sidi 
Moussa-1 oil discovery (Rigzone 2014b). A major regression is thought to have led to a bypass of 
the Jurassic carbonate platform by clastic sediments (Tari et al., 2012), resulting in the deposition 
of turbidite sequences, which are observed in outcrop on Fuerteventura Island (Steiner et al., 1998). 
Other turbiditic sequences of Early Cretaceous age have been encountered in well DSDP 416 
(Price, 1980) and also on Fuerteventura Island. These units are attributed to the northern extension 
of the Tan Tan delta and are exposed in coastal cliffs near Safi, Morocco (Sidi Bouchta and Sidi 
Bel Krakra sections; Saadi et al., 1978). These Lower Cretaceous sandstones might constitute the 
most widespread possible reservoir along the offshore Moroccan Atlantic margin. 
Traps 
Known fields along the Moroccan Atlantic margin are located in rifting-related structural 
(Meskala gas field, Clifford, 1986) and stratigraphic (Cap Juby, Morabet et al., 1998) traps. 
Numerous potential trap types detected in seismic data are related to salt tectonics (e.g., Tari and 
Jabour, 2013). A salt-cored toe-thrust anticline has been found to be barren of reservoir rock in the 
Shark B-1 well (Tari et al., 2012). Other classical salt-flank and subsalt closures can be identified 
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on seismic sections. A potential subsalt trap is shown on Figures 3.4b and c, where two likely 
sutured salt canopies overly deformed Mesozoic (Lower Cretaceous?) strata. A possible 
overturned slab resulting from piercement of the former salt roof by extruding salt (Graham et al., 
2012) might also form promising traps. Additional leads are stratigraphic traps, e.g., possible 
Lower Cretaceous or Jurassic turbidite sandstones interbedded with marine shales. On the outer 
margin, prominent deepwater anticlines form extensive closures (Tari and Jabour, 2011; Neumaier 
et al., 2015; Figs. 3.3a and b). 
 
Regional basin model from continental crust to the Essaouira Seamount 
Modeling input 
Structural model 
The regional 2D model was developed based on seismic line BGR11-202 (Fig. 3.3c). The 
interpretation, consisting of the top of the acoustic basement, top Jurassic, base Cenomanian, the 
BTU, and various Cenozoic reflectors (Neumaier et al., 2015), has been tied to wells DSDP 415 
and DSDP 416 via seismic line BGR11-208 (Fig. 3.3a).With a streamer length of 4500 m, a reliable 
normal move-out (NMO) velocity analysis was performed for this data set down to the acoustic 
basement (up to 4 seconds TWT below seafloor). The velocity analysis took potential lateral 
velocity variations between 2 and 6 km into account, depending on the complexity of the 
subsurface record. The stacking velocities were then converted to interval velocities using the Dix 
equation, and depth conversion was performed using these interval velocities. Figure 3.3d shows 
the crustal-scale 2D structural model in depth (m). 
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The half-graben systems imaged on the outer margin west of the offshore Essaouira salt 
basin resemble syn-rift structures (Fig. 3.3c). However, such extensional structures can also be 
observed on oceanic crust, as documented on the nascent crust of the Tadjourah trench in Djibouti 
(Daoud et al., 2011). In addition, Neumaier et al. (2015) relate the occurrence of deepwater folds 
on the outer margin (Figs. 3.3a and b) to structural reactivation of a deep-seated oceanic fracture 
zone. With the data available, the continental or oceanic crustal nature of the outer Essaouira 
margin remains unclear. For the purpose of regional thermal modeling, a transition zone with a 
progressively westward thinning continental crust of ~100 km is assumed. The continent-ocean 
“boundary” has been set to the location of the westernmost well-expressed half-graben system, 
and the Moho has been drawn in a way that the thickness of the oceanic crust (including sediments) 
approaches 7 to 8 km. These crustal assumptions are coarse approximations and with high 
uncertainty, as discussed in the final section of the paper. 
Using the analog from the onshore Essaouira Basin (Hafid, 2000), the offshore syn-rift 
half-graben fill is interpreted to be composed of mixed clastic sediments and basalt flows. In the 
salt basin, these half-grabens are overlain by Upper Triassic to Lower Jurassic salt. Two salt 
canopies can be mapped from the data. However, salt tectonics have not been dynamically modeled 
in the regional model, an aspect which is separately addressed by a structural restoration. The 
Mesozoic and Cenozoic sediments in the regional 2D structural model are assumed to consist 
mainly of marine mudstones. A more detailed conceptual facies distribution is subsequently used 
for petroleum systems modeling. The paleo-water depth history along the modeled section was 
assumed to have been characterized by shallow-water conditions during the Triassic to Early 
Jurassic, followed by progressive oceanward tilting leading to drowning and the development of 
deepwater conditions today. 
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 Thermal assumptions 
The aim of the 2D regional basin modeling presented is the prediction of a range of possible 
thermal scenarios. Few subsurface temperature and heat flow measurements exist in the offshore 
Atlantic margin of Morocco (Villinger, 1984; Zarhloule, 2003; International Heat Flow 
Commission, 2011; Fig. 3.1b). Its complex structural and thermal history and the scarcity of 
publically available calibration data from wells such as borehole temperatures and vitrinite-
reflectance data make it difficult to estimate the paleo-temperature evolution. Where the offshore 
syn-rift architecture is not masked by allochthonous salt, it is heavily influenced by strong seismic 
amplitude reflections, which makes proper interpretation difficult. Therefore, the syn-rift 
architecture cannot be used in heat flow modeling. Likewise, post-depositional sediment 
remobilization due to salt tectonics does not allow a straightforward quantification of the post-rift 
sedimentation. In addition, the major post-rift Cenozoic thermal event of the Canary Islands is 
thought to have perturbed the past and present thermal field. The present thermal field is partly 
controlled by the spatial distribution and tectonic style of high thermal conductivity subsurface 
salt. Because of these constraints, the thermal modeling results presented here are clearly 
simplified. To provide robust and potentially applicable thermal-modelling predictions, a “bottom-
up” estimation of possible thermal scenarios was performed. A conceptual background heat flow 
trend uniform in space and varying through time (Fig. 3.5a) was assigned at the base of the model, 
accounting for the history of the opening of the Central Atlantic of Morocco. Additional model-
internal heat sources were added to accommodate local heat flow variations in space and in time: 
radiogenic heat was assigned for the continental basement (from 0.6 μW/m³ in the lower crust up 
to 1.6 μW/m³ in the upper crust) and the clay-rich Mesozoic and Cenozoic sediments (up to 1.7  
μW/m³ for fully compacted sediments); postulated syn-rift Triassic lava flows (at surface) and 
Page | 107  
 
oceanic Lower Jurassic submarine lava flows were modeled with repeated temporary temperature 
boundary conditions (up to 800°C; 1472°F); finally, the thermal effect of the Canary Island hot-
spot, to which the Atlantic margin was exposed to during Cenozoic times, was implemented in the 
model as a temporary heat anomaly in the mantle (4.77 μW/m³) and intrusions in the Mesozoic 
and Cenozoic sedimentary succession (up to 1000°C; 1832°F). Seabed temperature through 
geologic time is based on the paleo-environmental model of Wygrala (1989).  
 
Results 
Compaction and heat flow 
Basin modeling was performed using PetroMod basin and petroleum systems modeling 
software and modeling results were compared to measured data and regional trends. DSDP wells 
370 and 416 (Fig. 3.1) were regionally projected over 100 km (62 mi) along line BGR11-208 (Fig. 
3.3a) to the model location of line BGR11-202 (Fig. 3.3c). The porosity measured in these wells 
decreases on average from 50% close to the seabed to about 20% at burial depths of slightly over 
1000 m (3281 ft; Lancelot et al., 1977). This compaction porosity trend was reproduced by the 
model. The modeled temperature gradient of the shallow sediments at the projected well location 
is in the range of 33°C/km (18.1°F/1000 ft) to 38°C/km (20.8°F/1000 ft), for an average thermal 
gradient of 33.5°C/km (18.4°F/1000 ft) at DSDP wells 370 and 416. 
Calibration of the model results with well data only marginally reduces temperature 
uncertainty in deeper layers, in particular because compaction significantly affects thermal 
conductivity via loss of pore-water. The present-day heat flow simulated by the model (Fig. 3.5e) 
and at the sea floor (Fig. 3.5f) shows a similar regional, oceanward increasing temperature trend, 
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comparable to that observed in measurements (Villinger, 1984; International Heat Flow 
Commission, 2011; Fig. 3.1b). Variations from ~40 mW/m² up to nearly 80 mW/m² were modeled 
within the salt basin, and the modeled surface heat flow in the outer margin gradually increases 
from 50 mW/m² to >100 mW/m² toward the west. 
Particular emphasis was put on modelling surface heat flow through geologic time within 
meaningful ranges comparable to present-day geodynamic analogs (e.g. Allen and Allen, 2013). 
Figures 3.5a to d show heat flow time-extractions at several locations within the model. The black 
curve represents the input basal heat flow trend (applied to the bottom of the model), which is 
uniform over the entire model area. Also shown are the heat flow at the top basement (red) and at 
the sea bottom (blue), both derived from modeling. The difference between the input background 
basal heat flow trend and the modeled top basement and sea bottom heat flow is mainly due to the 
additional internal heat sources (radiogenic basement, volcanic flows and intrusions, hotspot-
related heat pulse from the west) acting through time, and heat redistribution governed by rock 
properties (thermal conductivity and heat capacity). For example, using the same basal heat flow, 
the surface heat flow is higher above the salt basin (Fig. 3.5d) than above the outer margin (Fig. 
3.5c) and the transition to oceanic crust (Fig. 3.5b). This results from the thickness variation in the 
radiogenic continental crust and the sedimentary overburden. In general, the modeled surface heat 
flow above the salt basin is highly variable, both spatially and through time, and depends on the 
shape and burial depth of the sub-cropping highly conductive salt. The impact of the modeled 
volcanism by surface or subsea lava flows and intrusions is represented by heat flow spikes in the 
model extractions at the top basement and the sea bottom. 
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Figure 3.5: Regional heat flow model. 
(a) Input basal heat flow (black) and modeled top basement (red) and sea bottom (blue) heat 
flow through geologic time in the oceanic crust. 
(b) Input basal heat flow (black) and modeled top basement (red) and sea bottom (blue) heat 
flow through geologic time at the transition to oceanic crust. 
(c) Input basal heat flow (black) and modeled top basement (red) and sea bottom (blue) heat 
flow through geologic time in the outer margin. 
(d) Input basal heat flow (black) and modeled top basement (red) and sea bottom (blue) heat 
flow through geologic time in the salt basin. 
(e) Modeled present-day surface heat flow along the regional basin model. 
(f) Modeled heat flow at sea bottom. 
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A first series of heat flow peaks correspond to the modeled Triassic syn-rift volcanism 
(Figs. 3.5 b, c and d). Peaks occurring during the Jurassic are related to the emplacement of the 
oceanic crust in the west of the study area (Fig. 3.5a). A third group of modeled heat peaks during 
the Early Cenozoic (Fig. 3.5a) results from volcanic intrusions associated with the emplacement 
of the Canary Island hotspot (Holik et al., 1991). The latter event is also represented by a thermal 
mantle anomaly that increases the regional heat flow in the west of the model during the Cenozoic 
(Figs. 3.5a and b), resulting in the thermal inversion of the margin.  
Thermal maturity 
The modeled thermal maturity through geologic time and at present day is shown in Figure 
3.6. The method used for modeling thermal maturity (Sweeney and Burnham, 1990) predicts 
vitrinite reflectance (Ro) and the thermal maturity of rocks. The classification of zones of 
hydrocarbon generation potential, such as “oil window” based on modeled Ro are very general 
and do not necessarily reflect the maturation stage of source rocks, as their specific hydrocarbon 
generation kinetics might differ from those of vitrinite as indicated by Sweeney and Burnham 
(1990) thermal maturity kinetics. Source rock presence, richness and thermal maturity based on 
locally measured or analog kinetics are discussed in the salt basin modeling section of this paper. 
In the transition to the oceanic crust, the modeled top oil window (0.55% Ro) is located at 
a burial depth of ~2400 m (7874 ft) to 2600 m (8530 ft), which corresponds approximately to the 
interpreted top of the Jurassic. Due to gradually increasing temperatures toward the west, the 
regional top oil window becomes shallower, reaching burial depths of ~1250 m (4101 ft) beyond 
Agadir Canyon. Local perturbations of thermal maturity exist near volcanic intrusions. In the salt 
basin, the top oil window varies at a burial depth of 2200 m (7218 ft) to 2600 m (8530 ft) due to 
increased heat evacuation through diapirs. The modeled regional base oil window (1.3% Ro) is 
Page | 111  
 
located at burial depths of ~5300 m (17388 ft) beyond the westward edge of the salt basin. Base 
oil window gets shallower toward the west (~4200 m; 13779 ft), where it ends due to the presence 
of Jurassic volcanics.  In the salt basin, the modeled base oil window is located within the Middle 
to Upper Jurassic interval, at burial depths ranging from 4400 m (14436 ft) to 4900 m (16076 ft).   
While the Cenozoic and Upper Cretaceous are modeled to be thermally immature across 
the entire study area, the Lower Cretaceous of the salt basin has been likely situated in the oil 
window since the Early Cenozoic (Fig. 3.6c). On the outer margin, the Lower Cretaceous is 
immature (Fig. 3.6b), showing a very recent early oil maturity toward the inferred continent-ocean 
transition as a result of Cenozoic heating due to the Canary Islands hotspot (Fig. 3.6a). Except for 
the shallow-water half-graben fill in the easternmost part of the model, all Upper Jurassic  
sediments  are  at  least  in  the  oil  window  over  the  entire  model  area  (Figure 3.6d) showing 
high maturities in the deep salt basin. The beginning of the oil window is modeled to have occurred 
during the mid-Cretaceous in the salt basin (Fig. 3.6c), but more recently (Eocene to Miocene) on 
the outer margin (Fig. 3.6b) and further to the west (Fig. 3.6a). In the most margin-distal location, 
the trigger for the maturation was modeled to be the Cenozoic Canary Islands hotspot 
development. The Lower to Middle Jurassic is modeled to have been mostly out of the oil window 
in the salt basin since the mid-Cretaceous (Fig. 3.6c). On the outer margin and at the transition to 
oceanic crust, the oil window was probably reached during the Early and Late Cretaceous 
respectively (Fig. 3.6a, b). Local anomalies occur due to the presence of Jurassic volcanics and 
Cenozoic intrusions. The Triassic half-grabens in the study area are all highly mature in the salt 
basin (Fig. 3.6c) and likely overmature on the outer margin (Fig. 3.6b) and at the continent-ocean 
transition (Fig. 3.6a) due to the inferred high content of basalt flows. 
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Figure 3.6: Regional thermal maturity model. 
(a) Modeled thermal maturity for different stratigraphic intervals through geologic time at the 
transition to oceanic crust. 
(b) Modeled thermal maturity for different stratigraphic intervals through geologic time in the 
outer margin. 
(c) Modeled thermal maturity for different stratigraphic intervals through geologic time in the 
salt basin. 
(d) Modeled present-day thermal maturity along the regional basin model. 
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Basin and petroleum systems model of the salt basin 
Present-day structural model 
The salt basin in the eastern part of the 2D regional basin model (Fig. 3.3c) was chosen for 
a more detailed analysis involving structural restoration and petroleum systems modeling. The salt 
basin model (Fig. 3.7) is based on interpretation of seismic lines BGR11-202 (Figs. 3.3c and 4a, 
c) and SHM99-03 (Fig. 3.4b, d; see Fig. 3.1). The model shows the salt basin bounded by the 
Mazagan Escarpment to the east and another major fault to the west. Upper Triassic to Lower 
Jurassic salt overlies Triassic rift structures. The amount of autochthonous salt is unknown. The 
occurrence of salt is associated with diapirism and deformation, which particularly affects the 
Jurassic and Cretaceous overburden. Two salt canopies overlie the BTU and are buried by 
Cenozoic sediments. 
Due to a lack of well data within the salt basin, the facies distribution in Figure 3.7b is 
conceptually based on the general stratigraphic model in Figure 3.2, which combines well and 
outcrop data as well as observations from the conjugate margin of Nova Scotia. The deepwater 
Jurassic section is interpreted to comprise mainly mudstones and marls, unlike the carbonate 
platform on the shallow water margin. The Toarcian and Oxfordian rocks are postulated to have 
potential for higher organic matter content in areas preserved from sediment reworking that might 
occur due to slope instability triggered by the rising salt diapirs. Turbidites have been postulated 
to occur at the eastern flank of the salt diapirs, which may have acted as barriers for clastic 
sediments arriving from the western continental area. In addition, a carbonate reef may have 
formed above the remnants of the eastern diapir, building an isolated extension of the shallow-
water Jurassic carbonate platform. This speculative scenario requires low paleo-bathymetry in 
some places during the Jurassic resulting from the rise of the salt diapirs. 
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Figure 3.7: Present-day cross section of the salt basin used for petroleum systems modeling. 
(a) Chronostratigraphy 
(b) Lithostratigraphy 
 
The Lower Cretaceous is interpreted to consist of prodelta turbidite sequences 
characterized by intercalated sandstones and mudstones, as observed in well DSDP 416 (Lancelot 
and Winterer, 1980a) and in turbidite exposures on Fuerteventura Island (Steiner et al., 1998). 
These sequences can be associated with reworked type III organic matter of Valanginian to 
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Hauterivian age. The uppermost Lower Cretaceous part of the succession is assumed to be 
muddier, with a possible (Albian) black shale source rock as documented by analogy on 
Fuerteventura Island (Steiner et al., 1998), and as penetrated offshore Casablanca by well DSDP 
547 (Hinz et al., 1984). The interpretation of Cenomanian mass-transport deposits (Price, 1980; 
Dunlap et al., 2010) is represented in the facies model of Figure 3.7b by a mixture of mudstones, 
limestones, and marls rich in organic matter, based on well DSDP 415 (Lancelot and Winterer, 
1980a). The sediment package in the eastern salt basin is assumed to consist of Upper Cretaceous 
sediments deposited in a local depocenter formed in response to Late Cretaceous salt withdrawal. 
This sediment package represents one of the rare spots in the study area where post-Cenomanian 
Upper Cretaceous sediments might be preserved; its lithology is assigned to comprise mudstones 
with some coarser turbidite units at the eastern flank of the salt canopy. Mudstones intercalated 
with local turbidite deposits are also assumed for the Cenozoic sediments in the salt-related paleo-
depressions. 
 
Structural restoration 
A structural restoration of the present-day cross section (Fig. 3.7) was performed with 
Dynel software (Maerten and Maerten, 2006) to quantitatively model and reconsider timestep by 
timestep the tectonic evolution of the salt province in the Essaouira Basin. This scenario takes into 
account the process of hiatus-controlled emplacement of the salt canopies, as proposed by 
Neumaier et al. (2015).  
For sequential restoration of the Cenozoic post-salt extrusion timesteps, the uppermost 
layer was removed first and the layers below were decompacted for the amount of removed 
overburden (step 1). Then the top basement was vertically shifted to obtain a paleo-water-depth 
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level regionally consistent with interpretations of the paleo-sedimentary environment (step 2). 
Finally, minor local conceptual adjustments were made, e.g., to account for possible paleo-
bathymetric effects of rising salt (step 3). Steps 1 to 3 were sequentially repeated, and the final 
resulting paleo-geometric reconstruction for the Middle Eocene is shown in Figure 3.8a.  
Like the amount of conserved autochthonous salt in the present-day cross section, the total 
amount of extruded salt is unknown, since only remnant canopies exist. The timestep of peak 
extrusion activity during the Late Cretaceous (Fig. 3.8b) was restored in a way that the submarine 
salt glacier contained more salt than the buried canopies observed present day. In addition, the 
connection from the salt glacier to the autochthonous salt via salt feeders (assumed to be welded 
out at present day) was established. For the restoration of the latest pre-extrusion timestep (Fig. 
3.8c), the top salt was conceptually drawn forming overhanging diapirs. The total salt area (or 2D 
volume) was “inflated” to a value greater than the assumed maximum total (autochthonous and 
allochthonous) salt in the model during the peak extrusion timestep (Fig. 3.8b). To accommodate 
this increase in area (which is the inverse of salt withdrawal), the top basement was kept constant, 
as there is no geologic reason for basement uplift during salt withdrawal. Instead, the top salt was 
moved up, deforming the Jurassic and Cretaceous units in the overburden, and the paleo-water-
depth was set to a shallower bathymetry (the inverse of sediment collapse due to salt withdrawal). 
The burial history in Figure 3.9 shows the top basement depth evolution through geologic time, 
salt thickness variation prior to and after the Late Cretaceous salt withdrawal and extrusion, and 
deepening of the margin due to salt withdrawal. 
The sequential restoration of all earlier pre-extrusion timesteps (Albian to Triassic; Figs. 
3.8d, e, f, g, h) was performed in several substeps per timestep. The restoration of the Middle 
Jurassic to Cretaceous (post-salt) layers was decoupled from the restoration of the basement and  
Page | 117  
 
 
Figure 3.8: Restoration steps of the salt basin cross section (Figure 3.7) 
(a) Middle Eocene (47 Ma). 
(b) Late Cretaceous (75 Ma). 
(c) Cenomanian to Coniacian (85 Ma). 
(d) Albian (100 Ma). 
(e) Early Cretaceous (125 Ma). 
(f) Late Jurassic (145.5 Ma). 
(g) Middle Jurassic (176 Ma). 
(h) Late Triassic to Early Jurassic (196 Ma).  
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Triassic (pre-salt) layers. The conceptually drawn top-salt and the top-basement horizons were 
restored independently, while conserving the salt area contained in between. In all other restoration 
steps but the last, the paleo-water depth was a result of the restoration rather than input. Special 
attention was paid to consistency in the development of the paleo-water depth and the top basement 
through time. 
From old to young, the structural restoration describes the following scenario: After the 
infill and deposition on top of the rift half-grabens during the Late Triassic to Early Jurassic (Fig. 
3.8h), the Triassic to Liassic salt units quickly became unstable due to differential loading and an 
increasing density contrast with the overburden (Fig. 3.8g). During Middle Jurassic time, the salt 
invaded weak zones, e.g., in the vertical prolongation of normal faults. In response to salt 
movement, overburden sediments filled accommodation space above withdrawal depressions, and 
extensional gravity faulting started (Fig. 3.8c, d, e, f). The salt diapirs were constantly rising 
between the Middle and Late Jurassic, associated with deformation of the surrounding sediments. 
However, the salt diapirs did not reach the surface due to continuous burial and diapir rise rate 
below the sedimentation rate. The diapirs could extrude only after sedimentation decreased with 
the beginning hiatus in the Late Cretaceous (Fig. 3.8b). Withdrawal of salt from the subsurface by 
surface extrusion was accommodated by the collapse of overburden sediments and deepening of 
the seafloor. However, there is no reason to assume that the Triassic syn-rift structures and the 
basement were tectonically active at that time (Fig. 3.9). The submarine salt extrusion flowed over 
the exposed hiatus unconformity (BTU) and crept down the continental slope. Much of the salt 
dissolved in contact with the ocean water, but cap rock and a fine deep sea sediment carapace 
prevented the salt from total dissolution. Present-day analogues of submarine salt extrusions can 
be found in the Gulf of Mexico (e.g., Rowan, 1995; Pilcher and Blumstein, 2007). With the 
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Cenozoic uplift of the Atlas mountains, sedimentation started again. Paleorelief related to the 
shallow buried canopy was covered by sediment, resulting in the observed onlap geometries (e.g., 
Fig. 3.4). Even though strengthened by the caprock, the remaining salt locally remobilized, 
forming mini-basins. This instability triggered normal gravity-driven faulting and local re-
sedimentation, resulting in bathymetric expression of these canopies at present (Fig. 3.7a). 
 
Figure 3.9: Burial history extraction of the structural restoration in the central salt basin. 
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Petroleum systems model 
Input 
The structural restoration model which constrains the tectonic evolution of the salt basin, 
was forward modeled using PetroMod* basin and petroleum systems modeling software and the 
TecLink approach (Hantschel and Kauerauf, 2009; Baur et al., 2009). The top Paleozoic basement 
heat flow from the regional model (red curves in Figure 3.5) was used as input basal heat flow, 
yielding a “base case” that was subsequently varied for sensitivity analysis. “Candidate” source 
rocks (rocks which might act as effective source rocks given yet unproven organic richness and 
maturity for oil) were assigned to the model. Where measured source rock kinetic data were 
available nearby the study area, such as the Upper Cretaceous and Lower Cenozoic of the onshore 
Tarfaya Basin (Sachse et al., 2011), these were assigned to the source rocks. In the absence of 
locally measured kinetics, analog kinetics were chosen from source rocks having similar 
lithologies. The kinetics of the Pliensbachian source rocks reported in the Middle Atlas by Sachse 
et al. (2012) were used for modeling of the Toarcian, Oxfordian, and Albian candidate source 
rocks. It is important to notice that these kinetics assign a very high activation energy of 55 
kcal/mol for the initiation of hydrocarbon generation. Secondary cracking of oil components to 
gas was assigned for all kinetics. Due to the low assumed TOC, the Valanginian to Hauterivian 
interval was not considered in the model. Also, source rocks older than Toarcian were not included. 
Table 3.1 presents the source rock properties as assigned to the base-case model, and variations 
from these were used for sensitivity analysis. Extensional faults were assumed to be open for fluid 
flow during their tectonic activity, and hydrocarbon migration was simulated using the invasion 
percolation method (Wilkinson, 1984; Hantschel and Kauerauf, 2009). 
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Table 3.1: Source rock parameters used for the petroleum systems modeling. 
 
Results 
 The evolution of the petroleum systems as modeled in the base case is presented in this 
section. The Toarcian source rocks began to generate oil in the eastern part of the salt basin during 
the Late Jurassic, as modeled kerogen to hydrocarbon transformation ratios (TR) reach 10%. 
However, significant generation (TR >50%) did not occur until Early Cretaceous time (Fig. 3.10a). 
Expelled oil migrated vertically through the Jurassic section and accumulated in the Lower 
Cretaceous deltaic sandstones, in traps resulting from salt-withdrawal deformation. In the central 
and western parts of the salt basin, oil generation from the Toarcian source rocks was modeled 
only to begin at the end of the Early Cretaceous (Fig. 3.10b). The Oxfordian source rocks (TR 
>30%) also started to contribute to the charge. In addition to the structures created by salt 
withdrawal, anticlinal traps situated above the rising salt diapirs and the Jurassic turbidites in the 
eastern salt basin were charged. The modeled migration pattern is mostly vertical in the Jurassic, 
but as soon as the oil encountered the laterally continuous deltaic sandstones from the Lower 
Cretaceous, lateral migration is dominant. Focused vertical migration was modeled to have 
occurred within the extensional faults and in the crests of seal-limited accumulations. The latter 
mechanism resulted in charge of stacked reservoirs in the Lower Cretaceous, and ultimately in 
surface leakage. During the Cenomanian to Coniacian (Fig. 3.10c), oil migrated along the salt 
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flanks and was trapped under the overhanging salt diapirs. Due to increasingly higher temperatures 
in the deeper parts of the eastern salt basin, the Toarcian source rocks reached TR of 100%, and 
oil was transformed to gas by secondary cracking in the Jurassic turbidites.  
Whereas most hydrocarbons accumulated during the Cretaceous prior to the salt extrusion, 
the very Late Cretaceous is the time of the most important hydrocarbon losses (Fig. 3.10d). 
Massive salt withdrawal associated with salt extrusion resulted in a major internal reorganization 
of the subsurface sediments. This post-depositional collapse led to the destruction of many charged 
Lower Cretaceous traps and important re-migration toward the edges of the salt basin. In the 
western salt basin, an anticlinal trap situated above the western bounding fault received some of 
this re-migrated charge. In the eastern salt basin, hydrocarbons leaked through the overburden on 
the seafloor due to the absence of adequate traps. Some subsalt accumulations were modeled in 
the Cenomanian. Decoupled from the structural evolution of the salt basin, the Toarcian source 
rocks in the outer margin started to generate (TR >10%) and expel oil during Late Cretaceous time. 
When the canopy became detached from the autochthonous salt after salt extrusion (Fig. 
3.10e), the Upper Jurassic and Cretaceous sediments previously flanking the diapir collapsed. 
Hydrocarbons of the salt-flank traps re-migrated into this chaotically deformed area. This re-
migration was accompanied by hydrocarbon losses into the overburden and leakage on the seafloor 
where some of the salt canopy dissolved. The post-extrusion burial of the canopies by Cenozoic 
sediments resulted in further generation of oil in the Toarcian and in particular in the Oxfordian 
(increase of up to 40% TR in the eastern salt basin) source rocks. However, the additional charge 
only resulted in minor changes of the overall fill of the reservoirs. Focused by the collapse faults 
and the remaining salt canopy, most hydrocarbons migrated through the Cenozoic section and 
seeped to the surface due to leaky seals in the shallow section. 
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Figure 3.10: Modeled temporal evolution of the petroleum systems in the salt basin.  
(a) Early Cretaceous (125 Ma) 
(b) End Albian (100 Ma) 
(c) End Coniacian (85 Ma) 
(d) Late Cretaceous (75 Ma) 
(e) Early Paleocene (65 Ma) 
(f) Present-day. 
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The modeled present-day distribution of hydrocarbons is shown on Figure 3.10f. The great 
majority of accumulations are in Lower Cretaceous deltaic sandstones, in traps situated in the 
chaotic deformation zone previously occupied by the diapirs and in large anticlines formed by 
sediment collapse accompanying salt withdrawal. The modeled Lower Cretaceous accumulations 
are mainly comprised of oil, with an increase of the gas fraction in the basal accumulations.  Some 
subsalt oil accumulations are modeled in the Cenomanian, and the Jurassic turbidites are predicted 
to contain oil in the central salt basin and gas in the eastern salt basin. The Jurassic reef was not 
charged in the model. The fact that the reef is postulated to have formed on a high, while possible 
source rocks have been deposited in the lows, requires lateral migration into the reef structure. 
However, an early structural dip of the sub-basin structures toward the southern Mazagan 
escarpment, away from the reef, disconnected possible migration pathways from the possible 
source rocks to the reef traps. 
Most of the accumulated hydrocarbons are modeled to be originated from Toarcian source 
rocks. Oxfordian source rock was predicted to play only a minor role in the overall charge, whereas 
a negligible quantity of oil generated in the Albian source rock was never expelled. The difference 
in the charge contribution between the Toarcian and Oxfordian source rocks is due to the difference 
in the generated hydrocarbon mass, reflecting the amount of available kerogen and the extent of 
kerogen transformed into hydrocarbons (TR). In all these aspects the Oxfordian source rocks are 
less promising than the Toarcian source rocks. However, both the amount of available kerogen 
(function of the source rock thickness, TOC and HI) and the TR (function of thermal maturation 
and source rock kinetics) are uncertain for the base case model. 
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Sensitivity analysis 
Due to high uncertainty of many input parameters for the modeling, some were varied for 
sensitivity analysis. In a first step, the impact on the modeled source rock transformation ratio was 
tested at four locations in the model (Fig. 3.11). Three discrete alternative thermal scenarios were 
created by making a bulk shift of the basal heat flow by −10 mW/m², +10 mW/m², and +20 mW/m² 
through geologic time from the base-case scenario. Because the Pliensbachian source rock kinetics 
used in the base case for Toarcian, Oxfordian, and Albian candidate source rocks show a high 
initial activation energy, their activation energy was varied.  
Even the hottest scenario (+20 mW/m²) did not result in any modeled oil generation (TR = 
0%) for the candidate Eocene and Cenomanian source rocks. Because their kinetics were 
previously measured in the study area (Sachse et al., 2011), they can be considered as well-
constrained. The uncertainty with respect to the present-day and past burial depth is also relatively 
low. It can therefore be assumed that any Eocene or Cenomanian source rocks that are present are 
very likely to be thermally immature in the study area, and no further sensitivity analysis was 
performed. 
Except for the eastern part of the salt basin, where the candidate Albian source rocks were 
modeled to have locally high generation potential (TR >75%) in the relatively unlikely thermal 
scenario of a bulk heat flow shift of +20 mW/m², these units do not show significant maturity 
changes for heat flow shifts ranging from -10 to +10 mW/m² (Fig. 3.11a to d). However, both the 
burial depth of the Albian sequence and the kinetics used in the base case are highly uncertain. A 
shift of −10 kcal/mol of the activation energy resulted in TR of locally up to 100%. Therefore, due 
to this high uncertainty, even though the candidate Albian source rocks are relatively immature in 
the base case, they could still be mature for oil generation if present in the study area. 
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The candidate Oxfordian source rocks show an important sensitivity to the thermal 
scenarios. In the eastern salt basin (Fig. 3.11d, light blue line), they are modeled to have TR 
between 40% and 90%, dependent on the thermal scenario. The TR varies between <10% to 90% 
in the central salt basin (Fig. 3.11c, light blue line) and from ~0% to 50% in the western salt basin 
(Fig. 3.11b, light blue line). This shows that if present the candidate Oxfordian source rocks - if 
present - are in the “uncertainty window” between high and low potential for oil generation. The 
eastward increasing maturity trend results from increasing temperature, due to deeper burial and 
higher radiogenic heat production from the eastward-thickening continental crust. Independently 
of the thermal scenario, the candidate Oxfordian source rocks are modeled to be mostly immature 
in the outer margin with the base-case kinetics (Fig. 3.11e, black line). However, a shift of −5 
kcal/mol in activation energy results in TR of about 50% (Fig. 3.11e, purple line). In addition, the 
kinetics of the nearly age-equivalent Kimmeridge Clay from the North Sea (di Primio and 
Horsfield, 2006) was used as an alternative scenario. It has an activation energy distribution similar 
to that used in the base case. However, the frequency factor is high, which results in slightly higher 
TR of about 15% (Fig. 3.11e, red line). This sensitivity to the highly uncertain kinetics used in the 
base case in the outer margin suggests that, given their presence, there might be some potential for 
oil generation from the candidate Oxfordian source rocks in the outer margin. The alternative 
kinetics scenarios result also in higher TR and oil generation at earlier times in the salt basin. 
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Figure 3.11: Modeled transformation ratio (TR) for Albian, Oxfordian and Toarcian source rocks 
with different heat flow and kinetics scenarios. 
Heat flow scenarios: Base case (solid lines) and alternative thermal scenarios (dotted lines; higher 
TR values: bulk shift of basal heat flow by +10 mW/m²; lower TR values: bulk shift of basal heat 
flow by −10 mW/m²). 
Source rocks: Albian (dark green), Oxfordian (light blue), Toarcian (dark blue).  
(a) Outer margin 
(b) Western salt basin  
(c) Central salt basin 
(d) Eastern salt basin 
Outer margin kinetics scenarios:  
(e) Oxfordian: base case (black), shifted base case kinetics [−5 kcal/mol] (purple), alternative 
kinetics [Kimmeridge Clay; di Primio and Horsfield, 2006] (red)  
(f) Toarcian: base case (black), shifted base case kinetics [−10 kcal/mol] (purple), alternative 
kinetics [Toarcian Shale; di Primio and Horsfield, 2006] (red) 
(g) Petroleum systems model of the present day salt basin with TR and hydrocarbon 
accumulations. Stars show Lower Cretaceous accumulations treated in the sensitivity 
analysis (Figure 3.12). 
 
FOLDOUT 8  
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The variation of the thermal scenario also affects the candidate Toarcian source rocks. 
While the difference in present-day TR is negligible in the eastern salt basin (Fig. 3.11d, dark blue 
line), the modeled TR for the cold thermal scenario (−10 mW/m²) are significantly lower than in 
the base case in the central salt basin (40% instead of 90%; Fig. 3.11c). The biggest difference 
occur in the western salt basin, where TR ranges from 10% to 90% (Fig. 3.11b). In the outer 
margin, TR is 10% for the base case and 60% for the hot thermal scenario (+10 mW/m²). Age-
equivalent source rocks from central Europe (Toarcian of the Paris Basin, Posidonia Shale of the 
North German Basin) show significantly lower activation energies for initial and peak petroleum 
generation of hydrocarbons (di Primio and Horsfield, 2006) than those for the base case. This 
alternative scenario results in higher TR (>80%; Fig. 3.11f, red line) in the outer margin, similar 
to a shift of the base case kinetics by −10 kcal/mol (100%; Fig. 3.11f, purple line). Therefore, even 
though the modeled oil generation is limited in the outer margin in the base case, the candidate 
Toarcian source rocks might be mature for oil generation in the outer margin. The maturity 
uncertainty for the candidate Toarcian source rocks in the salt basin is lower than that for the 
candidate Oxfordian source rocks. However, significant sensitivity to the thermal scenarios and 
kinetics exists, in particular for generation timing.  
The second step of the sensitivity analysis consisted of a probabilistic simulation using the 
PetroMod PetroRisk module (Hantschel and Kauerauf, 2009). Distributions of basal heat flow and 
source rock properties were assigned and tested (Table 3.2). In addition, the highly uncertain initial 
TOC values were varied. All uncertainty parameters are assumed to be independent.. Due to their 
low thermal maturity, even in high heat flow cases, the candidate Eocene and Cenomanian source 
rocks were not considered in the probabilistic sensitivity analysis. 
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Table 3.2: Distributions for the probabilistic petroleum systems modeling simulation. 
 
Based on the base case and the range for the parameters described in Table 3.2, a 
probabilistic simulation including 1000 runs was performed. The impact of the variations on the 
different possible source rock levels and the Lower Cretaceous accumulations was analyzed. The 
probabilistic results confirm high sensitivity of the candidate Jurassic source rocks to variations in 
basal heat flow and activation energy discussed above. Figure 3.12a shows an example of the 
Toarcian source rock in the outer margin (for location see Figure 3.11g). It is relatively immature 
in the base case, but increased basal heat flow or decreased activation energy (or a combination of 
both) results in high transformation ratios.  
For most Lower Cretaceous accumulations (for location see stars in Figure 3.11g), a variety 
of possible outcomes can be observed (Figs. 3.12b-d), with hydrocarbon saturations ranging from 
0 to 95% (maximum possible modeled hydrocarbon saturation, or “full” saturation, due to an 
assumed irreducible water saturation of 5%). However, the variation of the modeled saturations is 
generally higher in the upper accumulations than in the lower ones. This can be observed in the 
outer margin accumulations, where the simulated probability for full saturation is 40% for the 
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upper accumulations and ~100% for the lowermost. This is interpreted to result from the charge 
mechanism, filling the lower traps first, whereas the upper traps only received charge if sufficient 
charge was available.  
The parameters with most impact on the modeled hydrocarbon saturation of the Lower 
Cretaceous reservoirs are the activation energy and TOC of the candidate Toarcian source rocks. 
This was expected because this source rock was modeled to have been the primary contributor to 
the accumulations. Higher TOC resulted in more accumulated hydrocarbons (positive correlation; 
Fig. 3.12b). Surprisingly, the activation energy shift also resulted in a positive correlation (Fig. 
3.12c): with lower activation energy (meaning that the source rock generated earlier, at lower 
temperatures), the modeled hydrocarbon saturation was lower. This is interpreted to result from 
hydrocarbon generation and expulsion that occurred prior to deposition of Lower Cretaceous 
reservoirs and/or development of effective seals. Variations in heat flow also had a major impact 
on the modeled hydrocarbon saturations. However, no homogeneous correlation could be 
established over the model area. In the western and central salt basin a weak positive correlation 
was observed and a clear negative correlation (lower heat flow resulting in higher saturations) was 
observed in the eastern salt basin (Fig. 3.12d). Similar to the positive correlation of the kinetics 
shift discussed above, this could result from early hydrocarbon generation during higher past 
temperature. Figure 3.11a shows that for a high heat flow scenario, the candidate Toarcian source 
rock is modeled to have reached already high TR during Early Cretaceous, the time of deposition 
of the deltaic Lower Cretaceous sandstone reservoirs. 
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Figure 3.12: Example of probabilistic sensitivity analysis results. The black star marks the result 
of the base-case simulation. Points (a) and red crosses (b-d) are results of the probabilistic 
simulations. 
(a) Simulated transformation ratio (point color) for varying activation energy shift and basal 
heat flow (Toarcian source rock outer margin). 
(b) Simulated hydrocarbon saturation for varying TOC (Toarcian source rock). 
(c) Simulated hydrocarbon saturation for varying activation energy (Toarcian source rock). 
(d) Simulated hydrocarbon saturation for varying basal heat flow.  
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Discussion: Implications for hydrocarbon prospectivity 
All discoveries and fields along the Moroccan Atlantic margin are located in the onshore 
domain or on the shallow water Jurassic carbonate platform. No discoveries exist in deep water 
and the play concepts discussed in this section are thus speculative. This discussion focuses on the 
salt basin and the outer margin and its deepwater anticlinal structures. However, more regional 
variations along the Moroccan Atlantic margin are also addressed. 
 
Possible Cenozoic plays 
The Cenozoic sediments on the Moroccan continental margin offshore Essaouira are very 
heterogeneous. Turbidite sandstones, which might be of reservoir quality, can be intercalated with 
marls, mudstones, and chalks and therefore may form stratigraphic traps. Their distribution might 
be guided by local depocenters controlled by remobilization of salt canopies, as assumed in the 
salt basin model (Fig. 3.7b). The Early Paleogene deepwater anticlines (Fig. 3.3a and b) might 
have acted as obstacles controlling the flow path of Cenozoic turbidites. These turbidites extend 
far offshore from the present-day coastline into the deep water, as proven by well DSDP 416, 
drilled into the flank of one deepwater anticline. 
However, the shallow burial depth of the entire Cenozoic section offshore Essaouira, which 
only locally exceeds 1000 m (3281 ft), requires early sealing lithologies (high capillary entry 
pressure at low compaction) to hold any hydrocarbon column. Because of shallow burial, Cenozoic 
source rocks are believed to be thermally immature in the study area. One possible option for local 
gas charge within the Cenozoic (a concept not further developed in this paper) is biogenic gas. 
Any thermogenic charge of Cenozoic reservoirs must come from deeper Mesozoic source rocks.  
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The migration pattern of any hydrocarbon charge from Mesozoic source rocks is likely to 
be strongly influenced by the BTU, the overlying salt canopies, and collapse faults. All of these 
features can focus hydrocarbon migration, e.g., along the edge of the salt canopies. Although not 
excluded, oil window maturity is unlikely for the candidate Albian source rocks in the study area. 
In the salt basin, the vertical distance from any possibly mature Oxfordian or even Toarcian source 
rocks to the base Cenozoic is 2000-5000 m (6562-16404 ft). The petroleum systems model predicts 
oil migration from Mesozoic through Cenozoic time. However, it is focused along the edges of the 
salt canopy and the Mazagan escarpment. Due to limited seal capacity in the shallow Cenozoic 
section, oil is not retained and surface leakage is predicted by the model. 
Along the outer margin west of the salt basin, the vertical distance from the candidate 
Jurassic source rocks to the Cenozoic is locally <1000 m (3281 ft). The Jurassic source rocks are 
modeled to be immature to early mature (Figs. 3.6b and 10f), but the uncertainty is high and a 
small increase in heat flow or decrease in activation energy results in adequate thermal maturity 
for oil generation for the candidate Toarcian and even Oxfordian source rocks (Figs. 3.11a, e, f 
and 12a). In addition, the atypical westward increasing surface heat flow attributed to the Canary 
Island hot spot might result in thermally more mature Jurassic source rocks in the transition to 
oceanic crust (Fig. 3.6a). Given the presence of mature source rock in this area, reactivated 
basement faults might facilitate vertical migration into the prominent deepwater anticline traps. 
However, some of the faults extend to the sea floor and might compromise the seal. Finally, even 
if well-sealed turbidite sandstones had been charged, the modeled low in-situ Cenozoic reservoir 
temperatures (maximum 60°C (140°F); Fig. 3.6d) increase the risk for biodegradation. 
Whereas the deepwater anticlines represent prominent traps and the presence of Cenozoic 
reservoirs seems less risky along the margin, the concerns of charge, seal, and oil preservation 
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result in very high risk for the success of any Cenozoic prospect in the study area. However, the 
potential for oil increases toward the south, as the Cenozoic thickens significantly (offshore Agadir 
and Tarfaya basins) and all critical factors discussed above are assumed to be less risky with 
increasing burial depth. Assuming the base-case thermal conditions and kinetics, any Eocene 
source rocks would require burial depth of 3000-4000 m (9842-13123 ft) for significant oil 
generation and expulsion (TR>20%) in the salt basin. All Cenozoic turbidite sandstones in 
proximity of this Eocene source rock might be attractive exploration targets. 
 
Possible Upper Cretaceous plays 
A key question is the amount of Upper Cretaceous rock in the study area. The BTU 
truncates the Cretaceous at the Aptian to Albian (potentially Cenomanian) in the north (DSDP 
416) and at the Upper Cretaceous (presumably Coniacian) in the south (DSDP 415). The typical 
chaotic Cenomanian seismic reflection on the outer margin seems to extend into the salt basin (Fig. 
3.3c). The petroleum systems model predicts subsalt oil accumulations in the Cenomanian, with 
charge focused along the diapirs. However, there are major concerns for the presence of 
Cenomanian reservoir rock. In addition, lateral facies variations are unpredictable due to the 
complex nature of the mass-transport complexes (Price, 1980; Dunlap et al., 2010). 
 Part of the wedge-shaped sediment packages on BGR11-202 and SHM99-03 is postulated 
to be of post-Cenomanian Late Cretaceous age (Fig. 3.7a). It is assumed to consist of mudstones 
with local turbidites (Fig. 3.7b), similar to the overlying Cenozoic sediments. However, any Upper 
Cretaceous reservoir in the salt basin of the study area will share the same risk of potentially 
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insufficient seal capacity, charge, and preservation due shallow burial as discussed for the possible 
Cenozoic plays. 
Although the potential for an Upper Cretaceous play appears to be limited in the study area, 
it might have potential to the south, where the Late Cretaceous sedimentation is interpreted to be 
more continuous and the Cenozoic overburden is thicker. In the case of deep burial, the 
stratigraphic proximity to possibly oil-mature Albian black shales is of particular interest. The 
allochthonous salt located within and on top of the Upper Cretaceous represents an excellent seal. 
However, the first deepwater exploration wells failed to find reservoir rock in the Upper 
Cretaceous of the Atlantic margin of Morocco, and the key to sediment distribution is yet to be 
understood (Tari et al., 2012). 
 
Possible Lower Cretaceous plays 
On the shelf of Nova Scotia, the conjugate Atlantic margin of Morocco, the Lower 
Cretaceous Missisauga play (Fig. 3.2) hosts the main discoveries and fields, mainly charged with 
gas. A principal concern for ongoing deepwater exploration is the apparent lack of reservoir rock 
in the delta front (Nova Scotia Offshore, 2011). On the Moroccan side of the Atlantic margin, 
regular turbidite sequences in the Lower Cretaceous section of well DSDP 416 and on 
Fuerteventura Island (Steiner et al., 1998) are interpreted to represent prodeltaic turbidite 
sequences within a geographically widespread delta, and these sequences might include reservoir-
quality rocks. However, the recent deepwater well FD-1 failed to find commercial reservoir rock 
down to the Albian level (Offshore Magazine, 2013), but exploration is ongoing. 
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The petroleum systems model predicts more than sufficient oil charge into the postulated 
sandstones, which are contained in a variety of trap types related to salt tectonics (Fig. 3.10f). 
These include traps resulting from deformation associated with salt withdrawal and rising diapirs. 
In the base-case model, the salt canopies are assumed to be disconnected from the autochthonous 
salt, and some modeled Lower Cretaceous oil accumulations are located in the deformation zone 
used by the salt to pierce the overburden (salt weld). This subsalt deformation could include 
overturned slabs as illustrated on line SHM99-03 (Fig. 3.4b, d). An outcrop example of overturned 
slabs due to salt extrusion is described by Graham et al. (2012). An alternative migration scenario 
in which the diapirs were maintained in place after extrusion (no salt weld) resulted in modeled oil 
accumulations against both the eastern and western flanks of the diapirs. Improved seismic 
imaging could provide further insights into the geometry of the subsalt deformation and the 
presence of salt welds and residual diapirs. Regardless of the precise salt trap type, the overall trap 
formation, charge, and seal efficiency timing were modeled to be working efficiently for the Lower 
Cretaceous play. However, sensitivity analysis shows that higher past heat flows or lower 
activation energy distributions than the base-case model results in timing issues for charge from 
the candidate Toarcian source rocks. 
Salt diapirs and canopies are likely to form excellent top, lateral and bottom seals for Upper 
and Lower Cretaceous reservoir rocks. The amount of allochthonous salt preserved from extrusion 
and dissolution during the Late Cretaceous and Early Paleogene increases toward the south due to 
more continuous sedimentation during salt extrusion (Neumaier et al., 2015). Whereas the Agadir 
Basin is dominated by salt diapirs (no salt extrusion occurred), massive canopies occur on the Ras 
Tafelnay Plateau. Toward the north, many salt features are only remnant canopies. Therefore, trap 
type is related to salt structure geometry and a single “Cretaceous salt play” concept cannot be 
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easily applied to the entire Moroccan margin. However, the variety of potential trap types, the 
likely widespread nature of the deltaic sandstone reservoirs, and stratigraphic proximity to the 
potentially mature Toarcian and Oxfordian source rocks make the possible Lower Cretaceous play 
an excellent target for oil exploration. In the salt basin offshore Essaouira, the model indicates an 
ideal thermal window for preservation of the Lower Cretaceous accumulations from 
biodegradation (>80°C; 176°F) and secondary cracking (<130°C; 266°F); however, this might not 
necessarily be the case elsewhere. Toward the north, where Upper Cretaceous and Cenozoic 
thicknesses decrease, the Lower Cretaceous might be at depths where biodegradation occurs. In 
contrast the gas content within any Lower Cretaceous accumulations might increase with 
increasing burial depth toward the south.  
In addition to these salt-related traps, the Lower Cretaceous play could also include 
deepwater anticlines (Fig. 3.3a, b). Given reservoir presence, the most uncertain factor is probably 
source rock deposition and resulting charge, as discussed for the possible Cenozoic plays. The 
beginning of the thermal anomaly (lasting until present day) on the outer margin and folding of 
the deepwater anticlines are both proposed to result from the influence of the Canary Island hot 
spot during the Paleogene (Neumaier et al., 2015). Therefore, if Jurassic source rock generated oil 
in the outer margin, it is likely to have occurred late, during or after folding of the Lower 
Cretaceous deltaic sandstones. However, for any deepwater anticline play, diachronous formation 
needs to be considered, because these folds are younger toward the south (Neumaier et al., 2015). 
Furthermore, reactivated basement faults reaching the sea floor could result in increased leakage 
rates. 
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Possible Jurassic plays 
The Middle to Upper Jurassic of the conjugate Atlantic margin in Nova Scotia hosts 
turbidite sandstones with gas accumulations (Fig. 3.2). It can therefore be assumed that comparable 
reservoir rocks occur in the Jurassic of the Moroccan Atlantic margin, building stratigraphic traps 
together with well-compacted mudstones. In the petroleum systems model, the postulated Middle 
to Upper Jurassic turbidites were charged by the Toarcian source rocks during Early Cretaceous 
time (Fig. 3.10b). The Jurassic accumulations in the central salt basin are in a modeled present-
day temperature window of 124-132°C (255-270°F) at burial depths of 3500-4000 m (11483-
12795 ft) and contain mostly oil. However, the accumulations in the eastern salt basin are in a 
modeled present-day temperature window of 168-184°C (334-363°F) at burial depths of 4850-
5550 m (15912-18208 ft), and therefore contain exclusively gas due to secondary cracking of oil. 
Carbonate reefs that developed on top of rising diapirs might also result in Jurassic 
reservoir rock. A similar paleodepositional environment is interpreted in the French Alps, where 
Middle Jurassic carbonates occur in an area assumed to have been located above a rising diapir. 
The diapir is interpreted to have maintained a locally low bathymetry, allowing the formation of a 
thin reef, whereas the surrounding rocks are much thicker and represent deepwater facies (Graham 
et al., 2012). The closest analog for the reservoir and trap type is the Cab Juby discovery in the 
shallow water offshore Tarfaya on the Moroccan side of the Atlantic Ocean (Morabet et al., 1998), 
whereas gas discoveries exist in the Upper Jurassic carbonates of the Abenaki Formation in the 
shelf of Nova Scotia (Kidston et al., 2005). However, if any deep Jurassic carbonate reef reservoir 
occurs in the study area, charge would require a proximal source rock at the eastern flank of the 
rising diapir, as the paleo-migration routes are interpreted to be oriented toward the east (prior to 
the possible charge; Figure 3.10a) due to salt withdrawal. Similar to the possible turbidite traps, 
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modeled present-day temperatures of 150°->200C (302->392°F) would result in predominantly 
gas. 
Speculative Jurassic turbidites and deep carbonate reefs in the deep water offshore 
Essaouira might have potential for hydrocarbons. Depending on burial depth, these might be oil 
or gas plays. Where the burial depth is important, e.g., due to the proximity of Cenozoic sediment 
sources to the south, or where salt withdrawal and associated sediment collapse deepened the basin 
as interpreted for the eastern salt basin, the temperatures are likely too high for oil. The chance for 
oil accumulations being preserved from gas flushing and secondary cracking in the Jurassic 
increases in areas having less Cretaceous and Cenozoic overburden. This is the case toward the 
north, where the Late Cretaceous to Paleocene hiatus associated with the BTU lasted longer, and 
in the outer margin west of the salt basin. For the latter area, the presence of Jurassic carbonate 
reefs is very speculative. However, Jurassic turbidites extend as far out as Fuerteventura Island 
(Steiner et al., 1998). In addition, the deepwater anticlines (Fig. 3.3a, b) could add a structural 
component to the stratigraphic turbidite traps. 
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Conclusions 
Whereas hydrocarbon discoveries and fields exist in the onshore and shallow water parts 
of the Moroccan Atlantic margin, no discoveries have been made in deepwater. When exploring 
for hydrocarbons in such frontier areas, it is common to look for conjugate margin analogs that 
have been studied in more detail. The conjugate Atlantic margins of Morocco and Nova Scotia 
share the same rifting history. Triassic and Lower to Middle Jurassic syn-rift and early post-rift 
sediments and trap types are likely to be similar in these two areas. However, it is important to 
consider the post-rift geodynamic evolution, which is particular to the Moroccan part of the 
Atlantic Ocean. In fact, the overlapping influence of the Canary Island hotspot and the Atlas 
orogeny during the Late Cretaceous and Cenozoic are likely to have influenced the development 
of petroleum systems and the present-day distribution of petroleum resources. 
This paper addresses the question of the hydrocarbon potential of speculative deepwater 
plays, with a focus on salt-related traps in the salt basin and anticlinal folds in the outer margin. 
Basin modeling using recently acquired 2D seismic reflection data (MIRROR 2011 experiment) 
allowed us to propose a possible scenario for the thermal evolution of the Atlantic margin offshore 
Essaouira. The results of this model indicate that Jurassic rocks reached oil window or greater 
maturity in the salt basin, whereas Albian and younger candidate source rocks show only little to 
no thermal maturity. Due to recent volcanic activity related to the Canary Islands hotspot, the oil 
window shallows toward the outer margin where anticlinal folds constitute prominent traps. 
A structural restoration was performed, that includes salt diapirs, extrusion of salt, salt 
withdrawal, and associated sediment deformation. Various scenarios of source rock maturation, 
hydrocarbon expulsion, migration, and accumulation in the dynamic context of the salt 
deformation were tested using combined structural and petroleum systems modeling. Salt tectonics 
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had a destructive impact on past oil accumulations. However, the modeled scenarios suggest 
abundant charge from candidate Toarcian and Oxfordian source rocks into Lower Cretaceous 
deltaic sandstone reservoirs in the salt basin. Sensitivity analysis indicates that the thermal scenario 
and the selected source rock kinetics have a strong impact on the results. The modeled amount of 
petroleum available to charge possible reservoirs in the deepwater anticlines of the outer margin 
is particularly sensitive to these parameters. This uncertainty might be reduced by integration of 
well data for thermal calibration, which are currently unavailable. Future research might include 
depositional process modeling of Toarcian and Oxfordian organic-rich facies and further 
geochemical sampling of source rocks to obtain more reliable kinetic data for kerogen-to-
hydrocarbon transformation. 
Based on the modeling results, analysis of petroleum systems in the deep water of the 
Atlantic margin offshore Essaouira reveals significant potential for a Lower Cretaceous oil play. 
Possibly widespread prodeltaic to deltaic sandstone reservoirs include a variety of different trap 
types, mainly related to salt tectonics. If present in the outer margin, they would be folded and 
included in deepwater anticlines, which constitute prominent traps. However, charge and seal are 
likely to be the main concerns. Other speculative plays in the study area might be associated with 
deep Jurassic turbidite systems and carbonate reefs. These may include a risk of containing gas, 
but Jurassic oil plays might occur north of the study area due to shallower burial depths. The 
petroleum potential of the Upper Cretaceous and Cenozoic section is limited in the study area, but 
they might become more attractive toward the south where the Cenozoic overburden is more 
significant. Candidate Albian source rocks might contribute to additional charge. 
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Chapter 4 - General Discussion and Outlook  
 
The work presented emphasizes the strength of integrating structural restoration and basin 
and petroleum systems modeling, discussing the challenges, advantages and limitations of this 
approach, and demonstrating its practical application in structurally complex geological settings 
dominated by tectonic compression and salt tectonics. The main conclusions of this work can be 
divided into considerations about the geology and prospectivity of the study areas on the one hand 
and discussions on the workflow used on the other hand. 
 
Study area 
The Monagas Fold and Thrust Belt of Venezuela is an old oil province. However, near-
field exploration is still ongoing, as increasingly better technology allows for imaging, modeling, 
and finally drilling prospects which were previously unreachable due to technical challenges. The 
work presented in this study is based on a 2D structural restoration with subsequent basin and 
petroleum systems modeling (Fig. 4.1a). The model is calibrated for porosity, temperature, and 
thermal maturity and reproduces the charge of the known Santa Barbara and Onado fields and 
other trends such as massive southwards migration into the Orinoco oil province.  
The prospectivity evaluation of a sub-thrust prospect nearby the Santa Barbara field (Fig. 
4.1b) points out a potential risk of gas charge and seal failure. Charge migration modeling has 
predicted oil being accumulated in the prospect first before being displaced by gas as the source 
rock got buried deeper due to continuous thrusting. The seal integrity evaluation was based on 
structural restoration–derived fault displacement through geologic time and an advanced stress 
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forward simulation. In the model, the prospect is undercharged with gas at present day due to the 
combined charge and seal issues. 
 
 
Figure 4.1: 2D basin and petroleum systems model of the Monagas Fold and Thrust Belt; 
(a) Regional cross section; 
(b) Enlargement into area with Santa Barbara Field and Prospect.  
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The work of the Atlantic margin of Morocco reveals for the first time the diachronic nature 
of geodynamic events related to the bypass of the Canary Island hotspot and the Atlas orogeny, 
and their influence on the folding of the deep-water margin and the salt tectonics. It furthermore 
proposes a conceptual model for the evolution of the salt tectonics through geologic time, 
explaining the regional north-south variations as observed across the margin at present day. This 
concept has been used for 2D structural restoration. 2D basin and petroleum systems modeling 
was performed at a regional level and for the salt basin, integrating the structural restoration. The 
modeling results contribute to the understanding of the thermal maturity of different potential 
source rock levels in this frontier exploration province (Fig.4.2a). The integration of the structural 
restoration with petroleum systems modeling allowed to model hydrocarbon migration in the 
context of mobile salt, leaving behind a collapsed basin stratigraphy after salt withdrawal and 
extrusion. 
The model results were put into regional context to evaluate variations of source rock 
maturity and the prospectivity of speculative oil and gas plays of the deep-water salt basins along 
the Moroccan Atlantic margin (Fig.4.2b). Whereas potential Albian and Cenozoic source rocks, if 
present, are likely to be immature in the study area, they might be reaching the oil window towards 
the South (Agadir Basin). Potential Jurassic source rocks (Oxfordian, Toarcian), are modeled to 
be mostly oil-mature in the study area. This is also thought to be the case for the Safi Basin north 
of the study area. However, in the Agadir Basin, deep burial of the source rock is likely to have 
triggered secondary cracking of oil into gas (“wet gas window”). Any potential deep-water Triassic 
or very Early Jurassic syn-rift source rocks might have potential for oil only north of the study 
area. Whereas the Cenozoic and Upper Cretaceous plays are thought to be not very attractive in 
the study area offshore Essaouira, their potential is likely to increase towards the south (Agadir 
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Figure 4.2: Basin and petroleum systems modeling of the Atlantic margin of Morocco; 
(a) 2D regional model 
(b) Estimation of regional variations of chance for oil maturity given the presence of source 
rock at different stratigraphic levels. 
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Basin). However, the Lower Cretaceous deltaic sandstones, proven by offshore wells and outcrops 
on the Canary Islands, are estimated to be of major interest offshore Essaouira. Potential traps 
enclose numerous salt-related closures but also the deep-water anticlinal folds in the outer margin. 
For the latter structures, source rock presence and maturity as well as seal rock capacity are thought 
to be the main exploration risks. Speculative Jurassic carbonate or turbidite plays, similar to the 
ones discovered in the conjugate Atlantic margin of Nova Scotia, are likely to be dominated by 
gas in the deep-water offshore Essaouira due to the deep burial. Their potential for oil might 
increase towards the north (Safi Basin and northwards). 
 
Workflow 
Structurally complex areas such as fold and thrust belts and salt basins are attracting 
increasing interest in hydrocarbon exploration; exploration risk in such settings can be 
considerably limited by analyzing the geologic history of the basin and its petroleum systems based 
on structural evolution. The integration of structural restoration and petroleum systems modeling 
provides a way forward to improve modeling in thrust belts with stacked stratigraphic sequences. 
This has been demonstrated in the study of the Monagas fold and thrust belt of Venezuela, where 
charge risk and seal integrity are assessed for a sub-thrust prospect within a tectonically 
compressive environment. A salt restoration workflow, involving decoupled subsalt and salt-
overburden restoration with salt-area balancing, was developed to describe the temporal evolution 
of the salt tectonics and surrounding deformation in the offshore Essaouira salt basin (Atlantic 
margin of Morocco) for further petroleum systems modeling. The work presented confronts simple 
backstripping approaches with the structural restoration technique with their respective advantages 
and limitations for further petroleum systems modeling. The uncertainty of using decompacted or 
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nondecompacted structural restoration and their quantitative implications in the modeling result 
has been assessed for the first time.  
The choice of conducting 2D modeling in onshore Venezuela and offshore Morocco was 
on one hand driven by data availability, but was also in balance with the purpose of the rather 
exploratory nature of the study (e.g., no pretention to discuss in-place hydrocarbon volumes). 
Some approximations were necessary due to the 2D nature of the models. These include e.g. the 
absence of strike-slip component of fault throw in the Monagas fold and thrust belt study, 
Venezuela, or the lack of lateral salt flow in the structural restoration of the offshore Essaouira salt 
basin. In the basin and petroleum systems modeling lateral out of section flow effects (pressure 
communication, heat flow in proximity of salt domes, lateral hydrocarbon migration, etc.) were 
simplified. 
3D interpretation and modeling approaches would be clearly more accurate to properly 
solve these issues. However, the practicality of the application of 3D workflows similar to the 2D 
workflows presented is facing several bottlenecks. Challenges start with a proper interpretation 
and velocity modeling, the building of complex 3D models and their validation by “balancing”, 
followed by structural restoration. The largest challenges concerning 3D modelling are expected 
to concern conceptual and algorithmic issues with the basin and petroleum systems forward 
modeling (e.g., compaction optimization loops). Whereas some limitations are today simply 
software-related and can be solved by software development in the coming years, one key problem 
remains the geo-“logical” validation of the fully quantitative 3D models. Even with perfect 
software, the mental visualization and understanding of the continuous evolution of regional three-
dimensional structures (changing with compaction, faulting and folding, diapiric deformation, etc.) 
coupled with evolving physical parameters (stresses and pressure, heat flow, etc.) and petroleum 
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systems (hydrocarbon generation, expulsion, migration, accumulation and preservation or loss) 
requires geologists to think in complex, pluri-dimensional space and time environment.  
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